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Abstract
The Rolls-Royce Integrated Planar Solid Oxide Fuel Cell (IP-SOFC) features anode, 
electrolyte and cathode layers of 5-20 pm in thickness, connected in series by highly- 
conductive precious-metal based current collecting layers of «^ 10 pm thickness, which 
are screen-printed and sintered upon a porous substrate. Replacement of the palladium- 
based cathode current collector material is desirable for increasing the economic and 
environmental potential of the IP-SOFC system, due to low resource availability, high 
cost and environmental degradation caused by mining of platinum-group metals. The 
electrically conductive ABO3 perovskite-structured lanthanum transition-metal oxide 
ceramics were identified as potential cathode current collector materials, and lanthanum 
nickel ferrite materials, of compositions LaNio.eFeoÆ and LaNio.5Feo.5O3, were selected 
for investigation based on the combined favourable properties of electrical conductivity, 
phase stability and compatible coefficient of thermal expansion with other cell materials. 
Both compositions were found to be reactive towards the IP-SOFC cathode materials, 
lanthanum strontium manganite (LSM) and yttria-stabilised zirconia (YSZ), and the lower 
conductivity of LaNio.5Feo.5O3 compared with LaNio.6Feo.4O3 meant a thicker layer would 
be required to meet the conductivity requirements, which negates the advantage of its 
more suitable coefficient of thermal expansion. It  was found that a LaNio.6Feo.4O3 layer of 
«^ 80 pm was adequate to meet the conductivity target, and could be applied by a single 
stencil-print and sintered at 1125°C, which is compatible with the screen-printing and 
firing production line, although the manufacturing method requires optimisation to 
eliminate layer defects. In addition it is believed that the material can offer significant 
economic and environmental advantages over the present palladium-based cathode 
current collector. However the reaction of LaNio.5Feo.4O3 (LNF) with LSM was found to 
critically compromise its use in conjunction with an LSM-based cathode. Efforts to 
incorporate an LNF-based cathode also failed due to reaction of LNF with YSZ and 
gadolinium-doped ceria (CGO), and it must be concluded that the reactivity of LNF with 
common solid oxide fuel cell materials severely limits its potential to be used as a 
cathode current collector layer in the IP-SOFC.
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Executive Summary
Introduction
Fuel cells produce electricity by electrochemical combination of fuel and oxidant. The 
concept of producing a voltage through the chemical reaction of hydrogen and oxygen 
was first expounded independently by William Grove and Christian Schonbein in 1839, 
and has since generated five types of fuel cells which have potential to create electricity 
in various applications. Solid oxide fuel cells (SOFCs) are made entirely of solid-state 
materials and operate at high temperatures (700-1000°C) to allow the functional 
materials to display sufficient electro-activity.
Since they convert chemical energy directly to electrical energy, SOFCs offer the 
potential to increase efficiency of electricity generation compared with conventional 
power generation methods, which produce electricity from thermal energy generated 
from combustion of fuels. Currently there is a drive to increase efficiency and reliability 
of stationary power generation, while reducing costs and public health concerns 
associated with large-scale power stations, by moving away from a centralized system, 
in which a large proportion of heat by-product is lost to the environment, to a 
distributed system based on individual units in which the heat by-product is used to 
provide heating. The modularity of SOFC power generation, low noise, low airborne 
emissions and high-quality waste heat mean SOFC-based combined heat and power 
units offer the potential for highly-efficient localized energy generation. The 
commercialization of SOFCs has so far been hindered by limited choice of materials and 
problems of low durability and high cost, however as the environmental degradation 
caused by fossil fuel combustion has become increasingly evident, there has been 
increasing interest in SOFCs in recent decades.
SOFCs have been designed in two configurations: planar and tubular. Planar designs are 
capable of producing high power densities due to short current paths, but have low 
mechanical stability. Conversely, tubular designs have greater mechanical tolerance to 
expansion and contraction, but have longer current paths and high manufacturing costs. 
A novel design, termed the integrated-planar solid oxide fuel cell (IP-SOFC), which is 
essentially a cross between the two geometries, has been developed in an attempt to 
combine the favourable properties of both tubular and planar SOFCs. The IP-SOFC 
comprises several cells connected in-series, deposited upon a planar porous substrate 
which is supplied with fuel through internal channels, and externally with air. The 
substrate Is fabricated from a common low-cost ceramic material and provides the 
mechanical support, so that minimal amounts of material are required for the functional 
layers, which are applied by a inexpensive screen-printing technique. However, the 
geometry is characterized by long in-plane current paths and short cross-plane current 
paths. This is in contrast to the conventional SOFC designs, which have short current 
paths and very large current path cross-sectional areas. The conductivities of 
conventional SOFC anode and cathode materials are not adequate to enable layers of a 
thickness that can be produced by screen printing to meet in-plane conductivity
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requirements. Therefore adjacent anode current collector and cathode current collector 
layers are applied to reduce the in-plane resistance in the series-connected 
configuration. The selection of materials that can be used for current collection is limited 
severely by the stringent requirements of these components, viz high electrical 
conductivity, chemical and mechanical stability and compatibility with adjacent cell 
components, at high temperatures in the appropriate (reducing or oxidizing) 
atmosphere. At present palladium-based materials are used as both anode current 
collector and cathode current collectors due to the high conductivity and high stability of 
palladium at manufacturing and operating temperatures (and lower cost compared with 
platinum). While palladium provides an acceptable solution in the present development 
programme, long-term use of these materials will likely be impeded by high cost and low 
resource availability, and a more appropriate choice of current collectors could 
significantly increase the economic and environmental potential of the IP-SOFC system, 
enabling it to become a commercial product. Thus, the aim of this research is to identify 
a potential replacement for the palladium-based cathode current collector which is used 
at present.
Research Approach and Principal Results
Figure 1 presents a flow diagram of the overall process that was used the for the 
purpose of identifying, and investigating the potential of prospective materials, for 
replacement of the palladium cermet that is used as the cathode current collector (CGC) 
in the present IP-SOFC technology.
£
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Apply material in 
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Figure 1. Project Outline
The CCC must possess high in-plane conductivity, chemical and mechanical stability and 
compatibility with adjacent cell materials. The CCC is required to meet a specified in­
plane conductivity (termed conductance), which is dependent on the bulk conductivity of 
the material and layer thickness. Although the conductivity of metals is generally much 
higher than ceramics, excepting palladium and platinum, metals are not of practical use 
for the cathode current collector as it as operates in an oxidizing atmosphere at high 
temperature.
Initial review of literature highlighted the possibility to use an electrically conductive 
lanthanum-transition metal based ceramic, similar to the present IP-SOFC cathode 
material. However typical electrical conductivities of such ABOa-perovskite type materials 
at high temperature are 1-4 orders of magnitude less than palladium, implying that 
replacement of the present palladium cermet material with such a ceramic would 
necessitate application of a much thicker CCC layer to meet the In-plane conductivity 
target. However, the maximum permitted thickness of the CCC layer is likely to be 
limited by risk of mechanical failure, resistance of air diffusion to the underlying cathode, 
and production costs. Gaining a better understanding of the operation of the IP-SOFC 
and properties of the presently used cathode current collector allowed a basic 
specification for the CCC component to be created. This enabled a more focused review 
of the literature which resulted in selection of two lanthanum nickel ferrite (LNF) 
compositions, LaNio.6 Feo.4O3 (LNF60) and LaNio.5Feo.5O3 (LNF50) for investigation as 
potential CCC materials, based on the combined favourable properties of electrical 
conductivity, stability and suitable coefficients of thermal expansion (CTE).
A comparative assessment of economic and environmental aspects of lanthanum- 
and palladium- based materials indicated that LNF had greater potential than the 
presently used palladium cermet, for long-term use as an SOFC material, due to the 
much greater resource availability and significantly lower energy requirement and cost 
of production of lanthanum compared with palladium.
Experimental investigation of the critical properties of these materials was carried out, 
and results confirmed indications from studies found in literature, that LNF50 has a 
lower electrical conductivity but more compatible CTE with IP-SOFC cell materials than 
LNF60. However both materials showed phase stability at high temperature and 
comparable extents of reactivity with the IP-SOFC cathode and electrolyte materials, 
yttria-stabilised zirconia (YSZ) and lanthanum strontium manganite (LSM). On balance, it 
was assessed that LNF60 had the greater potential to be used as an IP-SOFC CCC owing 
to the higher conductivity and it was decided that further investigation into the 
application of LNF as an IP-SOFC CCC would concentrate on LNF60.
The application method and electrical performance of thick porous LNF60 current 
collector layers were investigated. Bulk conductivity measurement of LNF60 indicated 
that a 40 % porous layer of ~70 pm sintered thickness (compared with the present CCC 
thickness of '^ '10 pm) could theoretically meet the target CCC conductance. Although the 
layer conductance of screen-printed layers was found to be impaired by printing defects, 
it was demonstrated that using a modified printing technique and an optimized printing 
ink could reduce the occurrence of layer defects, such that the layer conductance target
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was exceeded by layers of 100 pm sintered thickness. There remains scope for further 
optimization of thick layers applied by this technique.
The chemical compatibility of a LNF60 current collector layer with LSM-based 
cathodes was assessed over periods of up to 6  months. It was found that layer of '''80 
pm thickness did not result in an increase in resistance of air diffusing to the cathode 
and, contrary to earlier indications from powder XRD it was found that LNF did not react 
with YSZ contained within the cathode probably due to the smaller area of contact 
between the phases as compared with mixed powders. Rather, inter-diffusion of 
manganese and nickel between the LSM-YSZ cathode and LNF current collector was 
observed after manufacture. The cation migration progressed over periods of thermal 
ageing at 950°C in air, but it was found that the diffusion of manganese was impeded at 
a distance of '''15 pm into the LNF layer, which coincided with a strong variation in iron 
concentration, and manganese appeared to accumulate at this boundary, resulting in a 
densification of the LNF microstructure. The creation of this 'dense' layer of '''1 pm 
thickness appeared to produce a significant resistance to air diffusing to the cathode.
The effect of altering the stoichiometry of LSM and LNF on phase interaction, by altering 
the A-site deficiency and/or strontium content (in the case of LSM), was assessed by 
studying the chemical composition and microstructure across cross-sections of sintered 
LNF and LSM layers. While introducing 5 % A-site deficiency into LNF was found to 
increase the extent of cation interdiffusion, results indicated that the extent of 
manganese diffusion from LSM into LNF was decreased by reducing the A-site 
deficiency, and decreasing the La/Sr ratio of LSM, relative to the (Lao.8 5Sro.i5 )o.9oMn0 3  
(LSM85-90) composition used in the IP-SOFC cathode. In ail samples in which 
manganese had diffused into the LNF layer, an LNF microstructure with finer porosity 
was observed in the region of manganese diffusion.
From the results of this investigation, and indications from SOFC literature that an A-site 
deficiency of at least 5 % is beneficial in terms of cathode properties, it was judged that 
an LSM material of composition (Lao.6 5Sro.3 5)o.9sMn0 3  (LSM65-95) may have greater 
potential than the presently used LSM85-90 composition, as an IP-SOFC cathode 
material in conjunction with an LNF current collector. Although substituting LSM85-90 
with LSM65-95 resulted in less diffusion of manganese, and no diffusion of nickel 
between LSM-YSZ cathodes and LNF current collectors, longer-term testing revealed 
that a 'dense' layer formed in LNF current collectors upon both LSM85-90 and LSM65-95 
based cathodes at the limit of manganese diffusion.
Electron diffraction of a thin sample of the LNF layer, across the region of manganese 
diffusion, within the 'dense' reaction front, and adjacent to the reaction zone, Indicated 
that grains from each of these regions possessed the rhombohedral perovskite structure 
of the nominal LaNio.6 Feo.4 O3 phase, which did not support the hypothesis that the 
densification is caused by formation of a new spinel or orthorhombic perovskite product 
with different sintering properties. Detailed analysis of the chemical composition across 
the layer indicated that nickel precipitates out of LNF as nickel oxide and that iron and 
manganese are mutually exclusive; iron is situated within the grains while manganese is 
situated at the LNF grain boundaries. It is hypothesized that the grain boundaries may 
act as a trap to manganese, and may form a barrier to the diffusion of iron resulting in
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accumulation of iron in the LNF region adjacent to the region of manganese diffusion. 
The mechanisms by which further movement of manganese through LNF is halted and 
manganese accumulates at the limit of diffusion, and by which the microstructure 
becomes dense are unclear, however the alteration of the LNF phase adjacent to the 
region of manganese diffusion, through displacement of iron and precipitation of nickel 
oxide (and diffusion of nickel Into LSM85-90-based cathodes) appears to create an 
eventual impedance to further movement of manganese, which builds up at the grain 
boundaries of this 'diffusion barrier front' creating an La(Ni,Fe,Mn)oxide phase with 
different sintering properties. It appears that movement of nickel out of LNF into 
LSM85-90-based cathodes allows manganese to move further through the LNF layer, 
delaying the densification mechanism compared with LNF layers upon LSM65-95:YSZ 
where no movement of nickel into the cathode is observed.
The adverse interaction of LNF and LSM layers highlighted the favourability of using the 
same material in the IP-SOFC cathode and CCC for increasing durability by reducing the 
risk of adverse interactions occurring over the lifetime of the SOFC product. As LNF has 
greater electrical and ionic conductivity than LSM, it was deemed that an LNF-based 
cathode could offer better electrochemical performance than the present LSM-YSZ 
cathode, while increasing the potential to use an LNF CCC. Since the insulating product, 
lanthanum zirconate, had been observed to form upon heating mixed powders of LNF 
and YSZ, an alternative ion-conductive material, gadolinium-doped ceria (CGO) was 
used to manufacture an LNF-CGO cathode in a 50:50 wt% ratio, and the cathode 
performance was tested using Pt and LNF current collector layers. To further reduce the 
contact, and concomitantly the risk of reaction, between LNF and YSZ, a CGO interlayer 
was applied between the YSZ electrolyte and LNF-CGO cathode, however weak adhesion 
was observed between these layers. Furthermore, although the Initially measured 
polarization resistances of the LNF-CGO cathodes were lower than those of the standard 
LSM-YSZ cathodes, reactivity between the separate phases of the composite LNF-CGO 
cathodes was observed, and LNF-CGO cathodes showed greater degradation than 
standard LSM-YSZ cathodes over 1500 hours. It is believed that both chemical and 
mechanical degradation occurs over this timescaie, through further decomposition of the 
LNF perovskite phase and reduction of the active area by loss of material through 
further debonding of the CGO interiayers from the YSZ substrate.
Conclusions
It is considered that LNF has the potential to fulfill requirements of conductivity by 
application of a layer of ~80 pm that is able to be sintered to the specified porosity at 
the specified temperature. Furthermore, although the stencil-printing method of layer 
processing requires optimlstation to eliminate defects introduced during manufacture, 
greater resource availability and lower costs and environmental degradation of material 
production and layer processing of LNF60 would enhance the cost and environmental 
benefits of the IP-SOFC product, relative to the present PdLSM CCC material. However, 
the adverse reactivity of LNF60 with the LSM-based cathode of the IP-SOFC critically 
compromises the potential to be used as an IP-SOFC CCC. Efforts to identify an 
alternative LSM cathode composition which is compatible with an LNF60 current collector 
have so far proved unsuccessful, and the interaction of LNF and LSM observed in this 
study, and similar ABO3 materials reported in literature, indicates that employing the
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same material in the IP-SOFC cathode and CCC layers is favourable In preventing the 
occurrence of adverse reactions over time. LNF has been found to react with YSZ and 
CGO, which are used to increase the ionic conductivity of SOFC cathodes, and it is 
concluded that the reactivity of LNF60 towards SOFC materials at high processing and 
operating temperatures will most likely prevent use of this material as an IP-SOFC 
cathode current collector. Rather, modelling studies at Rolls-Royce Fuel Cells Ltd. 
indicate that an increase in power can be gained by increasing the number of cells per 
tube at a reduced cell pitch, which would concomitantly lower the conductance 
requirements of the IP-SOFC cathode current collector layer. It is recommended that 
this modification to the IP-SOFC geometry be carried out as it may allow an LSM 
material to be used as an IP-SOFC CCC in conjunction with the present LSM-YSZ 
cathode.
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Contributions to Knowledge
The major contributions to knowledge arising from this work are as foiiows:
• Better understanding of the critical requirements of the IP-SOFC cathode current 
collector component, which will guide further development of this component.
• Greater scientific understanding of the properties, reactivity and processing of 
lanthanum nickel ferrite with respect to application in the cathode current 
collector component of the IP-SOFC, in particular its reactivity with lanthanum 
strontium manganites.
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1 INTRODUCTION
1.1 Project Background
Global energy demand, from an increasing world population with higher standards of 
living, continues to grow at a rapid rate. Almost two centuries of heavy fossii-fuei 
dependence of the energy generation sector has led to significant environmental 
degradation by emission of pollutants. Energy production by efficient and 
environmentaily-benign methods Is a major challenge facing scientists and engineers.
Solid Oxide Fuel Cells (SOFCs) are energy conversion devices that produce electricity 
directly from chemical energy, rather than by thermo-mechanical means. They offer the 
potential of low emission, low noise and highly efficient eiectrical power generation. 
However, these benefits will only be realised by society If SOFC technology can become 
available commercially. Problems related to material limitations in terms of cost and 
integrity have led to different geometrical designs. Rolls-Royce has developed a novel 
SOFC design in which cells are connected electrically in series on a porous substrate. At 
present noble metals are used to collect and carry current between cells to produce 
significant voltages. The successful commercialisation of the Rolls-Royce Integrated- 
Planar Soiid Oxide Fuei Ceii (IP-SOFC) may be limited by the high cost and limited 
availability of these materials, and therefore their replacement is desirable. This project 
aims to select and investigate an alternative material for the current collecting 
component, which will deliver acceptable levels of performance and advance the 
economic and environmental potential of the Rolls-Royce IP-SOFC.
1.2 Outline of Thesis
Chapter 2 and 3 presents a background of the history and operation of solid oxide fuel 
cells, and the potential role which this technology can play in sustainable energy 
generation in the future. A classification of solid oxide fuel cell components and 
materials Is given in chapter 4, with emphasis on SOFC interconnects/current collectors, 
and chapter 5 describes interconnection in the Rolls-Royce integrated-planar SOFC 
design, focussing on the requirements of the cathode current collector (CCC). Chapter 6  
presents an assessment, from literature studies, of the potential of lanthanum-transition 
metal-containing ceramic materials for the IP-SOFC CCC, which highlights lanthanum 
nickel ferrites as promising candidates. Chapter 7 compares cost and environmental 
aspects of lanthanum with palladium, which is used as the principle component of the 
CCC at present. Subsequently, an initial experimental investigation of the potential of 
two lanthanum nickel ferrite compositions as IP-SOFC CCC materials, in terms of 
conductivity, reactivity, stability and thermal expansion properties is presented in 
Chapter 8 . Based on this analysis, one composition was chosen for further investigation 
of potential manufacturing method, eiectrical performance and chemical compatibility 
with the present IP-SOFC cathode, reported in chapters 9-10. As this materiai was seen 
to undergo an adverse reaction with the cathode materiai, chapters 11-13 concentrate 
on an investigation of the potential of this lanthanum nickel ferrite materiai to be used 
as an IP-SOFC cathode current collector in conjunction with alternative SOFC cathode 
materials.
2 OVERVIEW OF FUEL CELLS
2.1 Introduction
Fuel cells are energy conversion devices which produce electricity by the electrochemical 
combination of fuel and oxygen. The principle of the fuel cell, i.e. the production of 
electrons by chemical reactions of fuel and oxidant, was first expounded in early 1839, 
independently by the German-Swiss chemist Christian Friedrich Schonbein and Welsh 
chemist William Grove (Wand, 2006). Sir William Grove went on to demonstrate the 
theory through his 'gas voltaic battery', the prototype of the fuel cell (Appleby, 1990).
No practical or commercial application was found for Grove's invention, while fossii-fuei 
combustion was easily able to meet the rapid growth in electricity demand in the 
proceeding century. As such, investment into realising the potential of Grove's method 
only began seriously after NASA's (National Aeronautics and Space Administration) initial 
programme of fuel cell research and development in the 1960s. Grove's prototype has 
since led to the development of several distinct groups of similar devices.
2.2 Types of Fuel Cells
All fuel cells operate by the continuous supply of fuel and oxidant to electrodes, 
separated by an electrolyte, with the production of electricity and water. Oxidation of 
the fuel occurs at the anode and reduction of the oxidant occurs at the cathode. This 
may occur through combination of electrons with the oxidant to create negatively 
charged oxide ions which travel through the electrolyte and combine with the fuel 
species at the anode. Alternatively the fuel may be reduced to create protons, which 
migrate through the electrolyte to the cathode where they combine with the oxidant. As 
such, fuel cells are characterised by the fuel type, migrating ion species (charge carrier) 
and electrolyte that they employ (Table 2.1).
Table 2.1 Types of fuel cells (after Larmine and Dicks, 200 3)
Grove's
Prototype
Alkaline 
Fuel Cell 
(AFC)
Proton 
Exchange 
Membrane 
Fuel Cell 
(PEMFC)
Phosphoric 
Acid Fuel 
Cell (PAFC)
Molten 
Carbonate 
Fuel Cell 
(MCFC)
Solid 
Oxide 
Fuel Cell 
(SOFC)
Fuel Hz Hz Hz Hz Hz, CH4 , CO Hz, CH 4 , 
CO
Charge
Carrier ht OH" H+ COa"' 0 -^
Electrolyte H2SO4 KOH Nation^ H 3 PO4 6 2 %  
LizCOa: 
3 8 %  K2CO3
ZrOz-
Y2 O 3
Operating
temperature 8 0 -2 6 0 °C 8 0 -2 6 0 °C 1 5 0 -2 0 0 °C 6 0 0 -7 0 0  °C 8 0 0 -  1 0 0 0 “C
® sulphonated flouroethylane membrane, registered trademark of E.I. Du Pont de Nemours & Co
Different fuel cells have potential for providing electrical energy in wide and varied 
applications. The three basic market segments which fuel cells have application in are
portable/battery substitution, transportation, and distributed power. In each of these 
areas, fuel cells present a tremendous opportunity to advance technological 
performance but face obstacles to meet commercial standards.
2.3 Solid Oxide Fuei Celis
2.3.1 Introduction
Solid oxide fuel cells are constructed entirely of solid-state components. A high level of 
electro-activity is required of these materials and suitable mechanical properties are 
critical to prevent loss of performance due to degradation of the structure. A high 
operating temperature is needed to produce high voltages across the cells for 
satisfactory power outputs. The main potential application for SOFCs is stationary power 
generation, to supply power to commercial and domestic buildings. However the 
commercialisation of SOFC has so far been hindered by limited knowledge of materials 
and problems of low durability and high cost.
2.3.2 Operation
Fuel is supplied to the anode where it combines with oxide ions from the electrolyte, 
thereby releasing electrons (Equation 2.1).
CO,Hz 20^ —> CO2 4 - H2O + 4e 
Equation 2.1
The electrons are carried through the external circuit to the cathode, to which air is 
supplied and subsequently reduced to oxide ions (Equation 2.2).
O2 + 4e -> 202- 
Equation 2.2
The transport of these oxide ions via the electrolyte thereby creates a continuous circuit 
(Figure 2.1).
Fud
Anode
External
LoadElectrolyte
Cathode
Oxidant
Figure 2.1. A soiid oxide fuei ceii unit
The open circuit voltage (OCV), the potential at which no electrical current is flowing 
through the cell, is very close to the local thermodynamic reversible potential termed the 
Nernst potential (VNemst). When current flows the voltage, V, is caused to drop by ohmic, 
activation and concentration losses (rjohm, nact and iiconc respectively), and through any 
short-circuits created by leaks through the electrolyte (V l)  (Equation 2.3/Figure 2.2).
V = V N e m s t ~VL~(T|ohm  Tlact ■*"Tlconc)
Equation 2.3
Theoretical or ideal vokmge
"Acdvmtkmpolmhzmdoo
CoaooMratkMi
Ohmic lost
Cuireal Dmnty (mA/cm )^
Figure 2.2. Schematic illustration of a typical SOFC current-voltage curve
(after Zhu and Deevi, 2003)
Activation polarisation losses (riact) occur because of slow kinetics of the electrochemical 
reactions at the anode and cathode. Concentration polarisation loss (riconc)/ a function of 
the difference between the concentration of reactants and products of the 
electrochemical reaction and that in the bulk flow of the gas, is related to diffusion 
processes of the fuel and air to the reaction sites. Ohmic losses (nohm) are caused by the 
resistances encountered by the electrical charges along the path they traverse and are 
thus related to the resistivity of the materials and geometry of the charge path. 
Minimisation of leaks, and polarisation and ohmic losses is desirable to maintain high 
operating voltages and corresponding power outputs.
2.3.3 Solid Oxide Fuel Cell designs
Solid oxide fuel cell units have been developed in two distinct configurations. In the 
tubular design (Figure 2.3 a) the electrolyte and electrodes are formed into a cylinder, 
through which the oxygen flows, and the fuel is supplied to its external surface. The 
planar design (Figure 2.3 b) assembles the electrodes and electrolyte layers into a 
rectangular or circular plate, and the fuel and oxygen are fed to its opposite sides. The 
fuel and oxygen flows to the tubular fuel cell are in the same direction, termed co-flow, 
while in planar structured cells, the fuel and oxidant are fed at right angles, termed 
cross-flow.
Cathode interconnection
ElectrolyteAir
electrode
(cathode)
Airflow Fuel electrode (anode)
a)
-  ANODE 
HLECTROLYTE
CATHODE
fu e l
OXIDANT
b)
Figure 2.3. a) tubular (co-flow) and b) planar SOFC design (cross-flow) (after
www.SDlce.or.ip)
For a sufficient voltage to be generated, fuel cells are operated as a stack of connected 
units. The individual cells are joined in series or parallel through an interconnect
component shown in Figure 2.3 a and b. SOFC power outputs of 100 kW have been 
demonstrated and systems capable of generating megawatt-scale powers are currently 
being developed. As environmental, economic and social problems relating to centralised 
systems of electricity generation based on fossil fuel combustion become increasingly 
more evident, much interest and investment is being focussed on solid oxide fuel cell 
technology.
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3 ROLE OF SOLID OXIDE FUEL CELLS FOR SUSTAINABLE ELECTRICITY 
GENERATION
3.1 Introduction
It is now agreed widely that production of energy by fossil-fuel combustion has made a 
significant contribution to global warming over the past century. Other environmental 
concerns associated with the supply of energy through burning of carbon-based fuels 
include air pollution, acid precipitation and ozone depletion. The Bruntland Commission 
used the term 'sustainable' to define the mutually beneficial convergence of society, 
economy and the environment in the process of worid energy development (World 
Commission on Environment and Development, 1987). The report defined sustainable 
development as that which "meets the needs of the present without compromising the 
ability of future generations to meet their own needs" and highlighted four key 
characteristics of sustainable energy*, adequate growth of supply to meet human needs; 
efficiency and conservation measures to minimize waste of primary resources; 
addressing health and safety issues where they arise in the use of energy resources; 
and protection of the biosphere and prevention of more localised forms of pollution. This 
chapter presents a summary of current opinion on the role which solid oxide fuel cells 
can play in sustainable energy development.
3.2 Prospects for Sustainable Stationary Power Generation
3.2.1 Present Status of Enerov Generation
The world energy economy has been carbon-based for almost two centuries andls 
predicted that, in the year 2030, the world will consume two-thirds more energy than 
today (Dorian et aL, 2006). According to the International Energy Agency (lEA) of Paris 
(2004), 90 % of this increased demand will be met by energy generation from fossil 
fuels.
In the general debate over future world oil production, there is concurrence that scarcity 
of oil reserves will force the scale of production to start a decline in the next few 
decades. Furthermore, the challenge of ensuring the security of oil supply from 
politically unstable areas and developing countries whose continuing economic growth 
has resulted in much decreased fuel exports is increasingly pertinent (Jefferson, 2006).
The environmental degradation caused by such a lengthy period of heavy fossil fuel 
dependence has been substantial. Atmospheric levels of greenhouse gases have risen 
significantly by the emission of CO2 , SOx, NOx, carbon and other pollutants from burning 
and utilisation of fossil fuels. The anticipated and increasingly observable effect on the 
global climate has led to signatories of the Kyoto protocol (United Nations Framework 
Convention on Climate Change, 1997) committing to reducing levels of CO2 emissions. 
The Energy White Paper released by the UK government in 2005 suggests a 60% C02 
reduction target by 2050. However, while the world energy economy remains carbon- 
based, the targets are extremely challenging.
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3.2.2 Sustainable Energy Development in the Electricity Sector 
Electricity production accounts for a large proportion of global energy consumption. The 
generation of electricity consumed 36 % of all energy used in the USA in 1997, of which 
two-thirds was sourced from fossil fuels (Hadley, 2001). The global electricity supply 
sector is responsible for 37.5 % of annual atmospheric COz emissions (over 7700 million 
tonnes per year) (Sims et a!., 2003). If current trends continue, electricity consumption 
is expected to increase by 54 % in 2020 relative to 1995 (Blok, 2005). Therefore the 
electricity sector is a principal target in mitigation of global carbon dioxide emissions.
Methods for reducing the impact of the electricity sector include: increasing efficiency of 
conversion of primary fossil fuel to electric power; decarbonisation of fuels, flue gases 
and COz sequestration; switching to low- or non-carbon intensive primary energy 
sources; and reducing electricity demand through improvements in end-use efficiency 
(Hadley and Short, 2001; Sims et aL, 2003).
Renewable energy accounted for only 15 % of electricity generation of lEA Member 
Countries in 2001. This figure compares with a relative contribution of 24 % in 1970 
(Jefferson, 2006). An inherent disadvantage of wind, solar and geothermal power is that 
they are much less concentrated energy sources compared with chemical stores.
Nuclear power generation is much cleaner than fossil fuel combustion and most energy 
officials agree that attention must be directed towards nuclear power in order to meet 
targeted reductions in CO z emissions. However, as well as real and perceived fears over 
nuclear weapon development and waste disposal, the industry has never recovered from 
the infamy of associated accidents in the 1970-80s (Hammond, 1995).
In a centralised system of electricity generation in which electricity is distributed from 
central power stations through a grid, as much as 70 % of the energy is lost as heat to 
the environment (Staffell et a!. 2008). Although there are important opportunities to 
increase end-use electricity efficiency, it appears that, despite policy efforts, they have 
not contributed substantially to overall energy-efficiency improvements (Blok, 2005). 
Further drawbacks of conventional centralised electricity generation systems include 
high investment costs of large power plants, inability to incorporate technological 
advances rapidly, reliance on large grid distribution systems, inability to scale-up power 
output in fragmented steps according to changing demand and fuel inflexibility.
Distributed generation is attractive because it offers electricity that is more reliable, 
more efficient, and cheaper than purchasing power from a centralized utility. 
Furthermore it allows for better local control over the electricity supply, and cuts down 
on electricity losses during transmission. Many sites, e.g. hospitals, institutional and 
residential buildings require electricity and heating. Therefore a localised system based 
on combined heat and power (CHP) systems, in which electricity is generated at the 
point of use and the heat by-product can be utilised, offer significant potential to lessen 
the effective environmental burden of the electricity sector. In such co-generation 
systems the efficiency of energy conversion can increase to 80% as compared with 30- 
35% for conventional fossil-fuel powered electricity generation systems (Hawkes and 
Leech, 2005).
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It has been concluded that a distributed energy system has many favourable attributes 
with respect to sustainable development (Alanne and Saari, 2006) and the UK Energy 
White Paper (2005) advises that more distributed energy sources are introduced to 
increase the reliability of the energy supply system. It is clear that there is potential use 
for micro-CHP technology with reductions in costs and environmental impact when 
compared with conventional methods of generating electricity and heat separately 
(Onovwiona etaL, 2006).
3.3 Application of Soiid oxide fuel cells in Sustainabie Energy Deveiopment
A hybrid solid oxide fuei cell-gas turbine power plant is regarded as one of the most 
promising candidates for deployment on a domestic scale (Larmine and Dicks, 2003). 
Thermo-economic modelling has indicated that the high efficiency of a SOFC-gas 
turbine-steam turbine hybrid systems exceeds the best commercial heat engine cycles 
that are currently available or are projected (Arsalis et a!. 2008). The high operating 
temperature of SOFCs enables internal reforming and produces high quality by-product 
heat for co-generation. Efficiencies can be as much as 70 %, and 90 % with heat 
recovery (Stambouli and Traversa, 2002).
If hydrogen is used, SOFCs have virtually no emissions except water and heat. At 
present SOFCs operate on natural gas, as hydrogen use is limited by problems with 
storage and transportation (although the future growth of a solar hydrogen economy 
has been predicted, (Dunn, 2002)). Regardless, SOFCs generally provide the lowest 
emissions of any non-renewable power generation technology (Stambouli and Traversa,
2002). Table 3.1 compares typical atmospheric emissions from a traditional thermal 
power plant and SOFC system using natural gas as a fuel source.
Table 3.1 Typical air emissions per 1650 MWh from one year of operation
Air emissions 
per 1650 MWh 
during 1  yr 
operation (kg)
SOx NOx CO Particles Organic
Compounds
COz
Fossil- 
fuelled plant
12,740 18,850 12,797 228 213 1,840,020
SOFC system 0 0 32 0 0 846,300
A fuel-cell-based micro-CHP system combines the favourable properties of primary and 
end-use energy efficiency in a localised power generation system, with potential to 
utilise different fuels in future. It has been estimated that a 1 kWe fuel cell can offer 
annual savings of US$ 250-445^ relative to a condensing boiler (Staffell et a!. 2008). 
Obviously the cost of installation should be sufficiently low to be recovered by such 
savings over the lifetime of the system. Based on this projection, a target cost of US$ 
520-925 kW'^  was calculated  ^ for any fuel cell technology that can demonstrate a 2.5-
 ^Converted from original cost estimation of €170-300 using currency rate at time of publication (Nov 2007: 
1 $= 0.675 €)
 ^Converted from original cost estimation of €350-625 using currency rate at time of publication (Nov 2007: 
1 $= 0.675 €)
13
year lifetime (Staffell et aL 2008), while traditional economic calculations have 
suggested that a cost of less than US$ 1500 kW  ^ would allow fuel cell systems to 
become competitive for large-scale power generation (Hawkes et aL, 2006). Reducing 
production costs remains a substantial challenge to developers (Drenckhahn, 1999). 
While competitive costing is important for the introduction of any new technology, the 
reduced fuel consumption and emissions produced by SOFC systems are a marketable 
advantage over traditional alternatives, and governments may offer incentives, or enact 
legislation enforcing their use (Staffell etaL, 2008).
The increasing emphasis on the potential of SOFC technology for future energy 
generation has highlighted the need to take a more holistic approach to assessment of 
the environmental burden, however it is difficult to carry out a life-cycle analysis of an 
SOFC system since the technology is still in the development stage and accurate data for 
the operation and dismantling stages is unavailable. Nonetheless attempts have been 
made to measure the total environmental impacts of manufacturing, operating and end- 
of-life processes associated with SOFCs, using data from field tests, pilot plants and 
other fuel cell types (Zapp, 1996; Karakoussis, 2001). Results indicated that the 
manufacturing stage contributed a significant proportion of the environmental burden, 
however this was due principally to the energy input and emissions associated with the 
production of a chromium-alloy interconnect component (Karakoussis, 2001). Although it 
was concluded that the relatively high contribution from the manufacturing stage to the 
total emissions, reflects the very low levels of emissions from SOFC operation rather 
than an actual significant environmental burden, the study highlights the importance of 
considering the environmental aspects when selecting materials and production 
methods, in balance with commercial pressures to reduce costs. A collaborative project 
which focuses on an investigation of the end-of-llfe management of SOFCs is currently 
being carried out jointly by Rolls-Royce Fuel Cells Ltd. and the Centre for Sustainable 
Manufacturing and Recycling/Reuse Technologies (SMART, Loughborough University )^.
3.4 Summary
The growing socio-political, economic and environmental challenges facing the highly 
fossil-fuel dependent energy sector mean future alternatives must be developed for 
long-term sustainable energy supply. At present SOFC technology is being tested for 
demonstration at a larger-scale and while technical and economic improvements need to 
be made in order for SOFC's to gain a market-share, and consideration of the 
environmental impacts of production and end-of-life processes is required, it is widely 
agreed that SOFC's have a major role to play in sustainable energy development.
 ^ SMART- Centre for Sustainable Manufacturing And Reuse/Recycling Technologies. Wolfson School of 
Mechanical & Manufacturing Engineering, Loughborough University, Loughborough, Leicestershire LEll 
3TU, U.K.
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4 SOLID OXIDE FUEL CELLS MATERIALS
4.1 Introduction
A solid oxide fuel cell is a multi-material system, in which each component performs 
various steps of the electrochemical reaction mechanism. Materials that have been 
demonstrated to possess the required electrical functionality, mechanical integrity and 
phase stability for application in high temperature SOFCs are limited. The requirements 
of the various components and commonly investigated materials are discussed in this 
chapter, with emphasis on the interconnection/ current-collecting component which is 
the focus of this project.
4.2 Overview of SOFC Components and Materials
The fundamental requirements of a solid oxide fuel cell are two electronically conductive 
electrodes, possessing the catalytic activity to promote electrochemical reduction of the 
oxidant and oxidation of the fuel, and sufficient porosity to allow gas to flow to the 
reaction sites, separated by an ion conducting electrol^e that is impervious to the 
gaseous fuel and oxygen. When individual cells are connected in series to form a stack, 
the interconnecting component has a dual function of collecting and carrying the current 
between cells, and separating the oxygen and fuel atmospheres of the respective 
electrodes.
The high operating temperature (700-1000°C) of the SOFC imposes restrictions on the 
choice of materials suitable for these purposes. As well as demonstrating mechanical 
and chemical stability, components must be chemically compatible with one another to 
prevent degradation of cell structure. Since materials that have been shown to possess 
the required mechanical and electrical functionality for application in high temperature 
SOFCs are limited, many are common to different designs. Figure 4.1 displays a broad 
overview of the potential candidates that have been identified and investigated to 
varying degrees.
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CATHODEELECTROLYTE INTERCONNECTANODE
SOFC MATERIALS
Figure 4.1. Potential materials for SOFC component (adapted from Wincewicz
and Cooper, 2005)
As can be seen from Figure 4.1, much research and development has focussed on 
electronic and Ionic-conducting ceramic materials such as lanthanum-transltlon metal 
perovskites.
4.3 High Temperature Electronically Functional Ceramics
Numerous solid-state materials possess electronic functionality arising from their defect 
equilibriums. Depending on their defect chemistry and environment, these ceramics can 
display exclusively ionic, exclusively electronic, or mixed lonlc/electronic conduction. 
Much research Is therefore focussing on their application In high-temperature solid-state 
electrochemical devices such as oxygen membranes for syngas generation, and solld- 
oxide fuel cells (Tai etaL, 1995).
In contrast to liquid matter. In which the ions are In constant translational motion. Ions 
in solids vibrate In potential wells, localised on specific lattice sites. For conduction of 
Ions and their associated electrons to occur the solid must have lattice defects. At all 
temperatures above absolute zero, a finite concentration of defects Is present In the 
lattice structure of solid materials because of the entropy contribution to Gibbs free 
energy from the resulting disorder. Such defects Include vacant sites, Interstlals (sites 
which are not expected to be occupied), foreign Ions (present due to Impurity or doping 
of the material), and ions with charges that differ from expected from the overall 
stoichiometry. In the absence of macroscopic electric fields or gradients In chemical 
potential, charged defects are compensated by other defects of the same charge and 
opposite sign to maintain charge neutrality. Therefore lattice defects always exist as a
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combination of two or more types, for example Schottky defects, which are a 
combination of equivalent cation and anion vacancies (Table 4.1), or Frenkel defects, 
which are couplings of a vacant and interstitial cation or anion.
An excess of one type of defect relative to that at stochlometric composition, generates 
complementary electronic defects to preserve electroneutrality. For example, removal of 
a manganese cation of doubly positive charge, Mn^ ,^ from an crystal may be
compensated by formation of two Mn^  ^ions.
Table 4.1 Kroger-Vink Notation for Point-Defects in Crystal (after
Type of Defect Symbol
Vacant M  site Vm
Vacant X site Vx"
Interstitial M  ion M i"
Interstitial X ion X i"
Ion on lattice site X /
dopant Ion on M  site L m
dopant ion on M  site Nm*
Free electron e
Free electron hole h*
The concentration of the mobile defects (Table 4.1), as a function of the external 
oxygen partial pressure and temperature, can be determined by consideration of the 
internal chemical equilibria for ionic defect and electron-hole pair formation, and 
concentration of allovalent dopants, together with evaluation of the heterogeneous 
equilibria between gaseous oxygen and the solid state (Equation 4.1).
I / 2 O2 + Vo" + 2 e'
Equation 4.1
Provided that the species possess adequate energy to overcome potential barriers to 
movement between lattice sites in response to an applied oxygen or electrical potential, 
the type of conductivity exhibited by the material at a partial oxygen pressure will be 
determined by the relative concentrations of the mobile species.
4.4 Electrolyte Materials
The critical requirement of the electrolyte is high ionic conductivity with low electronic 
conductivity. Solid oxide materials of choice have traditionally been stabilised zirconia 
and ceria. Doping Zr^ O^^ 'z with Ions creates oxygen vacancies within the zirconia 
lattice, such that Zr'^ '^ (Y^ ‘^ )0 "^2 -5 displays high Ionic conductivity. Good chemical and 
mechanical stability at high temperatures, and the availability of high quality raw 
materials has further promoted the popularity of yttria-stabilised zirconia as an 
electrolyte material (Ivers-Tiffee etaL, 2001).
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Doped ceria electrolytes also have high oxygen conductivity and are more stable than 
zirconia materials (Badwal and Foger, 1996) but display Increased electrical conductivity 
at low oxygen partial pressures and temperatures above 700°C (Larmine and Dicks,
2003). Lanthanum-based materials, predominantly lanthanum gallates have been 
investigated since they have been shown to possess higher ionic conductivity than YSZ 
below 1000°C, but problems with processing and mechanical stability have limited their 
application (Wincewiz and Cooper, 2005).
4.5 Anode Materials
The anode is required to possess both high catalytic activity for oxidation of the fuel, 
and good electrical conductivity to carry the resultant electrons to the external circuit. A 
level of ionic conductivity allows a greater quantity of oxide ions to be distributed along 
the anode/electrolyte interface to facilitate a higher rate of reaction with the fuel.
As it fulfills most of the anode design requirements while being of relatively low cost, 
nickel is the most widely used anode material. Problems of chemical incompatibility with 
certain fuels and electrolytes (Singhall and Kendall, 2003; Steele and Helnzel, 2001), has 
led to research Into alternative anodes based on e.g. lanthanum perovskite materials, 
but a nickel-YSZ cermet Is still the most popular choice of anode.
4.6 Cathode Materials
Similarly the essential properties of the cathode material are high levels of electronic 
conductivity and catalytic activity. Platinum fulfils the criteria but Its high cost is 
commercially unfavourable so that, since initial tests carried out In 1969 on LaCoOa 
showed promise, attention has focussed primarily on lanthanum-transltlon metal oxide 
ceramic materials, principally strontium-doped LaMnOs (LSM), exhibiting electronic 
conduction. Such oxides, of stoichiometric chemical formula (where B is a first
row transition metal) possess a perovsklte-structured unit cell as shown In Figure 4.2.
^  A 
# B
O o
Figure 4.2 ABO3 perovskite structure
As discussed in section 4.3, the electronic functionality of such ceramics arises from their 
defect chemistry. The formation of electronic defects allows the material to display 
either semi-conductivity, by the thermally activated hopping of localised charge carriers, 
or metallic-type conductivity by the formation of partially-filled conduction bands, 
through overlap of orbitals of B and O ions, in which electrons move freely. The 
physlochemlcal properties of these perovsklte-structured materials are discussed more 
fully In section 6.3.
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4.7 Interconnect Materials
4.7.1 Introduction
In conventional planar and tubular SOFC designs, the requirements of the Interconnect 
material are the most stringent of all components. The interconnect serves both as the 
electrical connection between the anode of one unit to the cathode of the adjacent cell, 
and a barrier to protect the anode material from being oxidized, and the cathode 
material from the reducing atmosphere of the fuel. Electrical conductivity should be very 
high to reduce ohmic loss and a consequent drop in power density of the bundle as 
compared to the individual unit. The coefficient of thermal expansion (GTE) should be 
close to that of the electrodes and electrolyte between room temperature and operating 
temperature to avoid thermal stress, which may result In delamination of the layer, while 
good chemical compatibility with its adjacent components Is essential to ensure ohmic 
and polarization losses are not incurred by reactions that result in intermediate layers 
(Badwal, 2003).
The fuel atmosphere and steep gradient of the oxygen partial pressure across the region 
of its location impose further constraints on material options for the Interconnect. Any 
changes in dimension, microstructure, chemistry or phase in the presence of oxidizing 
and reducing atmospheres have potential to cause drastic deterioration in cell 
performance. Dimensional changes will likely induce cracking due to mechanical stress 
while variations In microstructure may adversely affect electrical conductivity.
4.7.2 Research Trends in SOFC Interconnection Material Selection
Only a limited selection of materials adequately fulfil the strict requirements of the SOFC 
Interconnect component. Since 1974, the ABO3 perovsklte-structured lanthanum 
chromite, LaCrOs, has been considered the best candidate for interconnection In SOFCs 
operating near 1000°C owing to its excellent chemical stability under oxidizing and 
reducing atmospheres at SOFC operating temperatures (Singhal and Kendall, 2003). Its 
ability to conduct electrons is attributed to the formation of cation vacancies (Vua, Vq ), 
which introduce an excess negative charge. This is electrically compensated by transition 
of cationic electrons, from occupied to normally empty bands, and electrical conduction 
occurs via hopping of the positively charged electron holes (Zhu and Deevi, 2003).
However lanthanum chromites are relatively expensive and chromium volatilisation is a 
persistent problem at the high temperatures required for their synthesis and fabrication 
(Fergus, 2004). This is considered to be responsible for the extreme difficulty in their 
sintering, to densities adequate to prevent oxygen and fuel gas transport between the 
electrodes. Together with the reduction in electrical conductivity and concomitant 
increase in ionic conductivity, internal stresses caused by different thermal expansion 
behaviour, and deterioration of strength that occur when subjected to a dual oxidizing- 
reducing atmosphere, they pose significant challenges for their use as Interconnects in 
contemporary SOFC designs. There has therefore been an aversion of attention towards 
reducing the operating temperatures of SOFC systems without reducing the power 
density, to allow metallic interconnects to be employed and the evolution of an anode- 
supported planar SOFC design operating at 800°C has accelerated efforts to develop a 
suitable alloy (MatsuzakI et a!, 2004). Stainless steels and chromium-based alloys offer 
advantages over ceramics on the basis of electrical and thermal conductivity, 
manufacture and cost but long-term stability problems caused by formation of oxide
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scales and chromium volatilisation undermine their favourable properties at operating 
temperatures above 700°C (Horita eta!, 2004; Mikkelsen and Linderoth, 2003; Zhu and 
Deevi, 2003) and their CTE tends to be higher than the other cell components (Badwal, 
2001). Efforts are being made to develop effective perovskite coatings for metallic 
interconnects to prevent their oxidation (Hatchwell et aL, 1999; Chu et a!., 2008) but 
coating metallic interconnects threatens to negate their economic advantage by 
increasing material and production cost and, as yet, a material that contains little or no 
chromium while demonstrating high conductivity and resistance to oxidation at 800°C 
has not been identified (Zhu and Deevi, 2003).
INTERCONNECTION IN  THE ROLLS ROYCE INTEGRATED-PLANAR SOLID 
OXIDE FUEL CELL (IP-SOFC)
5.1 Introduction
Conventional planar and tubular SOFC designs are hampered by problems related to the 
mechanical stability of SOFC materials and high fabrication costs. The integrated-planar 
solid oxide fuel cell (IP-SOFC) is a new concept which attempts to combine thermal 
compliance qualities from tubular geometries and low cost component fabrication from 
planar designs. The IP-SOFC design proffers a further advantage in terms of 
interconnection, since the component which carries current from the anode (anode 
current collector) is separate from the component which delivers current to the cathode 
(cathode current collector), so that neither component operates in the problematic dual 
oxidizing-reducing atmosphere described in section 4.7. This chapter describes 
interconnection in the IP-SOFC, focusing on the operation and requirements of the IP- 
SOFC cathode current collector (CCC).
5.2 Integrated-Planar Solid Oxide Fuel Cell Design
The integrated-planar solid oxide fuel cell (IP-SOFC) concept, in which cells are 
connected in series by current collectors (Figure 5.1), is essentially a cross between the 
planar and tubular classes of contemporary SOFC designs described in section 2.3.
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Figure 5.1 Rolls-Royce integrated planar solid oxide fuel cell design (after
Delaforce, 2006).
The IP-SOFC tube is comprised of the active ceramic (or cermet) layers, of 
thicknesses in the range of ^5-20 pm applied upon a porous ceramic 
substrate, several millimetres thick, possessing internal channels. This 
enables air and fuel to be supplied to the opposite sides of the active cells. 
Commercial combined heat and power plants will comprise bundles of such
multi-cell modules, shown in 
Figure 5.2, in order that sufficient voltage can be generated.
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Figure 5.2 Manufacturing process of Rolls-Royce IP-SOFC stack (Rolls-Royce
website, 2002)
5.3 IP-SOFC Interconnection Materials
The problems discussed in section 4.7, in selecting a material suitable for 
interconnection purposes in contemporary SOFC systems, are avoided in part by the 
Rolls-Royce IP-SOFT: design, in which the interconnection component essentially 
comprises three distinct sections. This is illustrated by Figure 5.1 depicting an anode 
current collector joined to a cathode current collector by a cell connector. The current 
collectors must be sufficiently porous to allow diffusion of the fuel and oxidant to the 
electrodes. Only the relatively small cell connector is subjected to both oxidizing and 
reducing conditions, and the materials selection for the anode and cathode current 
collectors is therefore not as constrained by the problems associated with this dual 
atmosphere. However, the geometry necessitates interconnect materials with very high 
conductivity and presently palladium-based composites (PdNi-YSZ® and Pd-LSM*’) are 
used as current collectors in the Rolls-Royce IP-SOFC.
Although palladium possesses high conductivity and good stability at high temperature, 
the low resource availability creates problems of high cost and environmental 
degradation through mining and production processes. Significant economic and 
environmental benefits may be realised by replacement of the palladium-based current 
collector materials in the Rolls-Royce IP-SOFC.
5.4 Anode Current Collector (ACC)
The anode current collector operates in an environment of low oxygen activity, creating 
greater opportunity to use metals for this component. The thermal expansion 
coefficients from room temperature to 1000°C, and conductivities at the top of the 
range, of a number of metals are shown in Table 5.1.
 ^ 13.5 wt% YSZ-86.5wt% PdNi (90:10 wt%) 
^ 13.5 wt% Lao.6sSro.35Mn03-86 .5wt% Pd
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Table 5.1 Coefficient of thermal expansion, eiectrîcai conductivity and melting
Elements Temperature
(°C)
Conductivity 
(S cm^)
Coefficient 
of Thermal 
Expansion 
(xlO ® K^)
Meiting Point
("C)
Cobalt 1 0 0 0 12,900 14.0" 1495
Copper 1 0 0 0 123,000 " 20.3 1084
Iron 800 9,480 14.6 1536
Nickel 900 2 2 , 0 0 0 16.3 1455
Palladium 1 0 0 0 25,000 13.6 1554
Platinum 1 0 0 0 23,200 1 0 . 2 1768
Silver 900 132,000 22.4 961
^at400°C “^ at977°C
The melting points of silver and copper preclude their use in the IP-SOFC because the 
anode, cathode and sealant materials are fired at 1450, 1175 and 1150°C respectively. 
The conductivities are many orders of magnitude higher than those reported for 
lanthanum chromites (~1 S cm‘ )^, but all except platinum and palladium have much 
larger coefficients of thermal expansion than YSZ, which is employed as the IP-SOFC 
electrolyte material. A palladium-nickel alloy is used as the anode current collector in the 
IP-SOFC, however a nickel cermet is being trialled at present.
5.5 Cathode Current Collector (CCC)
As operation is in an oxygen-rich environment at high temperature, with the exception 
of platinum and palladium, metals are not of practical use for the cathode current 
collector in the Rolls-Royce IP-SOFC design. Presently a palladium-LSM Ink of weight per 
cent ratio 87:13 is employed as the IP-SOFC CCC, however the oxidizing conditions 
increase the potential to make use of lanthanum-transltlon metal perovskite oxides other 
than LaCrOs, such as those used as SOFC cathodes. A review of such LaBOg materials 
(B=first-row transition metal) is given in chapter 7, however in order to assess 
prospective lanthanum-based oxides as candidate cathode current collector (CCC) 
materials, it is necessary to identify the key factors and attempt to define performance 
targets for the CCC component.
5.6 Identification of Key Considerations for Cathode Current Collection in 
the IP-SOFC
5.6.1 Overview of Function of IP-SOFC CCC
The fundamental requisite for the cathode current collector is good electrical 
conductivity to minimise power losses through increased ohmic resistance. The in-piane 
current paths of the IP-SOFC require high lateral conductivity of the cathode current 
collector layer to prevent ohmic loss. The layer conductance is dictated by the layer 
conductivity and layer thickness such that loss of conductivity, by repiacement of a 
precious metal current collector for a less conductive perovskite material, can 
theoretically be compensated for by increasing the layer thickness. However the risk of 
crack formation and délamination due to residual stresses, as well as the material cost.
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is expected to be proportional to the layer thickness. The permitted thickness of the 
cathode current collector layer is affected by the mechanical properties of the material 
and the difference between Its CTE and that of the underlying tube materials. It is 
therefore possible that a lower conductivity of one material relative to another can be 
compensated for by its more suitable coefficient of thermal expansion. Obviously phase 
stability and chemical compatibility with other cell components is of high importance to 
maintain performance.
The question of a suitable combination of CCC-layer material choice and thickness is 
addressed by basic modelling of the electrical, air-permeability, mechanical and cost 
aspects of the CCC layer. A model of the electrical losses In the stack is used to 
determine a target conductance for the CCC, and a simple fracture mechanics 
assessment of the dependence of crack formation on layer thickness and thermal 
expansion coefficient is given. A brief consideration of the effect of increasing layer 
thickness on diffusion resistance and the manufacturing method is given. Finally a cost 
analysis is used to estimate the cost benefits in relation to volume of required material 
for fabrication of thick layers.
5.6.2 Electrical Performance of Porous CCC Laver
The ohmic losses (nohm) incurred in a cell unit are a linear function of the area-specific 
electrical resistance of the cell (R ce ii) (Equation 5.1) measured at current density, i.
r|ohm=Rceiii (Equation 5.1)
A target for the maximum ohmic loss, of 0.16 V per cell at a current density of 277 mA 
cm' ,^ is outlined in an Internal document (Sub-systems Requirements Document, 2004). 
As previously mentioned, the long in-plane current paths of the IP-SOFC create the 
greatest potential for ohmic loss, and high conductance in the current collector layers is 
required to prevent significant reduction of the operating voltage.
A model of the electrochemical performance of the IP-SOFC has been developed from a 
consideration of the chemical and electrochemical processes occurring within the cell 
(Costamagna, 2004). The results of the calculations, of the local electrochemical kinetics 
coupled with the mass balances of the gaseous flows, were found to be in good 
agreement with experimental results. The electrical resistance of the individual IP-SOFC 
unit with current collectors and diagonal terminals was evaluated by solving the Ohm's 
laws (Equation 5.2-Equation 5.7) applied to the structure shown in Figure 5.3.
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Figure 5.3 Individual IP-SOFC unit with diagonal terminals
The ohmic resistance is given by Equation 5.2, which is similar to the result reported by 
Solheim (1991) and Bossel (1992);
Rceii -  C J{coth (J) + 8 [J  -  2 tanh(^ J)]}
Equation 5.2
where Crepresents the cross-plane area-specific resistance (Equation 5.3), 8 the ohmic 
symmetry factor (Equation 5.5), and 7 is the non-dimensional unit width (Equation 5.6- 
Equation 5.7):
^  ~  Pacc^acc ^  P a^ a  ^  Palpal Pc^c Pccc^ccc
Equation 5.3
where t is the thickness, and p is the resistivity (accounting for porosity) of the anode 
current collector (acc), anode (a), electrolyte (e% cathode (c) and cathode current 
collector (ccc) layers.
The ohmic symmetry factor is found by solving Equation 5.4 and Equation 5.5;
f t  t ^ccc
_  V Pccc P c  y
Equation 5.4
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® (1 + E)^ 
Equation 5.5
The characteristic length is given by Equation 5.6;
L = p j .
((f»co / Pax )  +  ( f  a / / ’ a ) )  ' +  ( ( L
Equation 5.6
:/Pcx) + itJPo)) - 1
Dividing the cell pitch length, X, by L gives the non-dimensional unit width, 3 (Equation 
5.7);
Equation 5.7
The ohmic loss is thus found by solving Equation 5.2 and multiplying by the current 
density, i (Equation 5.1).
Table 5.2 presents values of all the cell parameters included In equations 5.1-5.7. The 
layer thicknesses were calculated from scanning electron micrographs of IP-SOFC tube 
cross-sections while the resistivity values were measured from small layer samples by 
Van der Pauw's 4-point method (Appendix A).
Table 5.2. Parameter Values of Present Cell Technology
Symbol Cell Parameter Value within 
Present Ceii 
Technology
Unit
Pa Effective resistivity of anode 1.7 xlO'^ ohm cm
Pa Effective resistivity of electrolyte 37 ohm cm
Pc Effective resistivity of cathode 0 . 0 1 ohm cm
Pace Effective resistivity of anode current collector 5.0 xlO"* ohm cm
Pccc Effective resistivity of cathode current collector 2 . 2  xlO"^ ohm cm
ta Anode layer thickness 7 X 10 "* cm
ta Electroiyte layer thickness 1.1 X 10’^ cm
te Cathode layer thickness 1.7 X 10'^ cm
tacc Anode current collector layer thickness 9 X 10 "* cm
tccc Cathode current collector layer thickness 9 X 10 "* cm
X Cell pitch length 1.46 cm
/ Current density 0.277 A cm'^
ftcell Ohmic resistance of cell 0.41 Ohm cm^
nO tm Ohmic loss 0 . 1 1 V
The ohmic loss that is calculated from the model using the measured values of the 
current technology is 0.11 V per cell. As mentioned previously, the target for ohmic loss 
has an upper boundary of 0.16 V per cell. The in-plane losses are determined by the
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sheet conductivity or conductance of the electrodes and current collector layers, which is 
the product of the effective conductivity and layer thickness (Equation 5.8).
/c = l
p
Equation 5.8
Since the conductance of the current collector layers is much greater than that of the 
electrodes (A^ «y kccc>>kg, kc) ohmic losses are dominated by the conduction properties 
of the current collectors. The present PdLSM current collector is ^^ 9 pm in thickness with 
an effective conductivity of ~5000 S cm'^  at 950°C and corresponding conductance of 
~4.5 S. From the model, assuming ail other values remain unchanged, the minimum 
conductance of the cathode current collector that will incur an ohmic loss of less than 
0.16 V Is calculated as 2.5 S. An experimental study carried out at Rolls-Royce showed 
that applying a layer of a Pd-LSM cermet with a lower Pd:LSM ratio, and corresponding 
conductance of 2.6 S, did not result in loss of power performance of SOFC tubes, while 
application of a Pd-LSM CCC layer with a yet lower Pd:LSM ratio and corresponding 
conductance of 1.1 S resulted in significant power loss. Hence 2.5 5 is considered to be 
a suitable target for the CCC layer.
5.6.3 Chemical and Mechanical Comoatibilitv with IP-SOFC Cell Materials 
The CCC layer should adhere well to the underlying layers while maintaining mechanical 
integrity, and should not react with cell materials to form secondary phases and 
intermediate layers that impede cell performance. Given that the IP-SOFC will be 
subjected to a range of temperatures in manufacture and operation, large mismatches 
in the coefficient of thermal expansion (CTE) of adjacent components is undesirable.
The SOFC system will experience mechanical loads during manufacture and operation. 
The residual stresses in the SOFC layers, due to differences in thermal expansion 
behaviour, are considered the most important factor in determining the mechanical 
integrity of the IP-SOFC tube (Friehling and Henderson, 2001). If the CTE mismatch 
between the CCC and underlying layers is too large, catastrophic failure may occur 
through surface cracks, channelling and delamination. Cracking of thin films on 
substrates through residual tension has been analyzed by fracture mechanics (Hu and 
Evans, 1989; Hutchinson and Zuo, 1992; Ye et a!. 1992). It has been found that thin 
films deposited on a planar substrate are subject to a misfit strain, upon heating and 
cooling, which is a product of the change in temperature {AT) and difference between 
the coefficients of thermal expansion of the film and substrate {Aa). The tensile stress 
generated in the film, a, as a result of this misfit strain is given by Equation 5.9.
a(A T,A a) = J ^
Equation 5.9
where d is the film thickness, E is the modulus of the film, Q is an estimated constant 
for the examined situation (« 2 ) and Gc is the critical strain energy release rate for the 
film. Equation 5.9 implies that risk of cracking scales with layer thickness, and with
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misfit-stress squared and consequently with the square of the thermal expansion 
mismatch. It is probable that replacement of the present Pd CCC material by a ceramic 
will demand an Increase in CCC layer thickness. Although a full and accurate analysis is 
outside the scope of this thesis, the analysis suggests that the maximum thickness of a 
crack-free CCC layer decreases non-linearly with increasing CTE mismatch, illustrating 
the importance of selecting a material with a CTE value close to those of the IP-SOFC 
materials (in the range of 1 0 - 1 1  x l 0 ‘® K'^ ) to reduce the risk of mechanical failure as the 
layer thickness is Increased to meet conductivity requirements.
5.6.4 Diffusion Resistance
The cathode current collector must allow rapid oxygen permeation to the underlying 
cathode. Risk of incurrence of diffusion losses must also be considered if the thickness 
of the cathode current collector is increased. An assessment of the effect of CCC layer 
thickness on mass transport of reactants to the cathode has been carried out for the 
Rolls-Royce IP-SOFC design (Friehling and Hendrikksen, 2001). The study concluded 
that the diffusion resistance is insignificant for a 200 pm layer with 30 % porosity when 
the pore size is larger than 1 pm (Figure 5.4).
Layer thickness: 200jum  Porosity: 30%
—  - Porosity: 40%
- “ " Porosity: 50%
0.8 1 20 0.2 0.4 0.6 1.2 1.4 1.6 1.8
Pore size ().im)
Figure 5.4 The diffusion resistance as a function of pore size of CCC iayers of 
200 pm thickness (after Friehiing and Hendriksen, 2001).
5.6.5 Stabllitv and Durability
The material must be stable in an oxidizing atmosphere at manufacturing and operating 
temperatures. Chemical phase changes and Initiation or growth of mechanical defects 
within the CCC layer should not occur during the 5-year lifetime (durability target 
defined within Sub-systems Requirements Document, 2004) of the SOFC to avoid 
increasing cell degradation.
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5.6.6 Manufacturing Method
The IP-SOFC functional layers are applied onto the ceramic tube substrate by screen- 
printing inks composed of the ceramic (or cermet) material dispersed in solvent, drying 
the wet layers and firing the green layers at temperatures between 1100°C and 1450°C 
to produce layers of the desired porosity. The sintered layer thicknesses are In the range 
of ~5-20 pm. Although thicker layers can be achieved by multiple screen-prints, this is 
likely to increase production times and application of a thick CCC layer may require an 
alternative method to screen-printing. It is important that the CCC layer application 
method is rapid and reproducible, and can be associated with the current 'print-fire' 
production line. In addition the material must not be sintered at temperatures greater 
than the cathode firing temperature of 1150°C.
5.6.7 Cost and Environmental Burden
The cost of manufacturing of the CCC layer will be dictated by factors such as 'true' 
material cost, required volume of material and manufacturing method. Production of the 
CCC layer should not compromise, nor negate the environmental benefits of, a 
commercial IP-SOFC product.
A life-cycle assessment of polymer exchange membrane fuel cell (PEMFC) stacks 
identified that production of the stack caused significant environmental impact, and that 
the principal contributor to the environmental degradation was the use of platinum 
group metals (PGMs) (Pehnt, 2001). The study concluded that the reduction of impacts 
by the use of PGMs in PEMFC stacks was of greatest importance both ecologically and 
economically.
The present PdLSM CCC ink has a solids loading of 72 wt%. The mass of ink deposited 
is 1.4 g per tube. By calculating the volume of current collection material after sintering 
from the measured layer thickness and printed area, the porosity of the layer can be 
evaluated as shown in Table 5.3.
Table 5.3 Properties of PdLSM CCC layer
Wet mass of ink deposited on tube 1.4 g
Solids loading of ink 72 wt%
Mass of PdLSM deposited on tube (solids loading x mass of ink deposited) 1 . 0  q
Layer thickness after sintering (Measured) 9 pm
Volume (printed area x layer thickness) 0.13 cm^
Density (solids mass/volume) 7.9 g cm'^
Theoretical Density 11.3 g cm'^
Porosity 100*( 1-density/theoretical density) 30.0 %
Assuming a lanthanum perovskite ceramic ink of similar solids loading and characteristic 
theoretical density of 7 g cm' ,^ the theoretical mass of ink required to be deposited, in 
order to obtain a sintered layer of similar porosity, can be calculated as a function of the 
layer thickness (Figure 5.5).
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Figure 5.5 Relationship between sintered layer thickness and mass of ink 
required to be deposited per tube for lanthanum perovskite CCC compared to
present PdLSM CCC
The commercial price of the present PdLSM CCC ink is ^£7000 per kg, while the LSM- 
YSZ cathode ink costs ~£450 per kg. Ink costs will inevitably decrease as manufacturing 
scales up, however the minimum cost is obviously limited by raw material cost. 
Comparison of historical and present palladium and lanthanum prices is presented in 
Chapter 7 and clearly indicates there is greater cost reduction potential for lanthanum 
perovskite, than for PdLSM CCC inks. The present palladium price is £11667 per kg while 
commercial costs as low as £ 1 0  per kg have been estimated for materials such as 
lanthanum strontium manganite and lanthanum strontium cobait (Itoh et 1994; 
Thijssen, 2001). Upper and lower cost limits of a commercial lanthanum perovskite ink 
have been taken as £450 kg'^  and £120 kg'^  respectively. From these, the cost of a 
lanthanum perovskite CCC material per tube can be estimated as a function of layer 
thickness, and compared with the present cost of PdLSM CC ink, of £11 per tube (Figure 
5.6).
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Figure 5.6 Relationship between sintered layer thickness and ink cost per 
tube for lanthanum perovskite CCC compared to present PdLSM CCC
A target CCC cost of £2.80 per tube has been set for IP-SOFC products in the medium- 
to-long term future (RRFCS Stack Cost Model, 2005). From Figure 5.6 it is suggested 
that even assuming the highest commercial cost of a lanthanum perovskite ink, a cost 
saving will be made with respect to the present PdLSM ink if the layer thickness is less 
than 250 pm, more than 25 times the present CCC thickness.
5.7 Summary
The Rolls-Royce IP-SOFC interconnection component comprises separate anode current 
collectors and cathode current collectors which are therefore not subject to a dual 
reducing-oxidizing atmosphere, as are interconnects in typical planar and tubular SOFC 
designs. Palladium is the principal material used in the current collecting layers of the 
IP-SOFC and, although not preventing the IP-SOFC from becoming a commercial 
product, economic studies show it is a major contributor to material costs and obviously 
significant economic benefits could be gleaned from its replacement. Furthermore the 
environmental benefits over the life-cycle of a commercial product would not be 
threatened by the impacts of palladium mining and processing. The focus of this project 
is on identifying a suitable material to replace the palladium-LSM cermet (PdLSM) as the 
cathode current collector component.
Table 5.4 presents a basic specification of the cathode current collector component of 
the IP-SOrc, and compares the present PdLSM material with these performance targets.
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Table 5.4 Specification for IP-SOFC Cathode Current Collector and Evaluation
of Present PdLSM Material
Parameter CCC Specification PdLSM
Conductance 
at 90QOC (S)
(=Conductivity
^thickness)
Conductivi
ty
(S cm^)
2.5 4.5
5000
Thickness
(pm)
Required thickness 
depends on 
conductivity
Permitted thickness 
depends on CTE 
mismatch*
9
CTE between 25-lOOO^C Close 
cathoc 
10® K*
'Perm
depen
thickn
to that of tube and 
le materials ( 1 0 - 1 1  x
tted mismatch 
ds on required 
ess
12.4
Porosity â 3 0 %
pore size k 1  pm
> 30 %
pore size 2  1  pm
Phase Stability Stable in air at 
manufacturing 
temperatures at operating 
temperatures (850-950OC) 
over 5 year period
Unknown-possible issues 
of palladium oxidation at 
low end of operating 
temperature range
Manufacturing Method 
Sintering Temperature (°C)
Compatible with print-line 
1100-1150
Single screen-print 
1150
Material cost (£ p. tube) 2.80 1 1
Environmental burden of 
material production
Should not compromise 
environmental benefits of 
SOFC product
Low resource availability 
/highly energy-intensive 
production process
The bulk conductivities of lanthanum perovskite materials are in the order of 1-1000 S 
cm ^ The conductance target of 2.5 S implies that, if the PdLSM CCC is substituted even 
by the most conductive of the lanthanum perovskite materials, the layer thickness will 
need to be increased to at least 40 pm, more than 4 times the height of the present CCC 
layer (and 2-4 times thicker than the other cell layers). It is believed that increasing the 
CCC layer thickness to 200 pm has a minimal impact on mass transport of reactants to 
the underlying cathode if the pore size is above 1 pm. Economic considerations indicate 
that it is unlikely that the layer thickness will be bounded by cost as, even assuming a 
high commercial ink cost, replacement of the present PdLSM CCC layer by a lanthanum
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perovskite CCC layer will result in a cost reduction even if the thickness is increased by a 
factor of 25. Rather, fracture mechanic considerations demonstrate the critical 
importance of reducing the CTE mismatch between the CCC material and IP-SOFC 
substrate to minimise risk of mechanical failure if the layer thickness is increased. 
Additionally the manufacturing method should be considered as application of a thick 
layer should not create significant increases to production times and costs.
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6 REVIEW OF LANTHANUM- TRANSITION-METAL OXIDE MATERIALS AND 
POTENTIAL FOR APPLICATION AS AN IP-SOFC CATHODE CURRENT 
COLLECTOR
6.1 Introduction
Chapter 5 highlighted the possibility of using electronically functional lanthanum- 
transltion-metal oxide materials, which are commonly investigated as cathode materials 
(section 4.6), for application as a cathode current collector in the IP-SOFC. This chapter 
presents a review of the stability, reactivity and electrical and mechanical properties in 
relation to the chemistry of these materials, as a basis for evaluating the potential as IP- 
SOFC cathode current collectors. Subsequently, a range of stable lanthanum-transltlon 
metal perovskite materials (for which the conductivity and CTE values are available in 
published literature) are evaluated with respect to the considerations outlined in section 
5.6.
6.2 Overview of LaBOs (B=Ti, V Cu) Materials
Doped and un-doped lanthanum based A^ (^A^ )^B^ 0^ ^ 3  perovskite-type oxides, 
containing first-row transition elements on the B-site, have been widely investigated for 
a range of applications due to their interesting electrical and oxygen transport 
properties. LaTiOs and LaVOa possess electronic and ionic conductivity at low oxygen 
partial pressures and have been investigated as anode materials (Hui and Petrie, 2001). 
LaCrO] possesses electronic conductivity and shows stability at high temperature in both 
oxidizing and reducing environments and has therefore been used as an interconnect 
material; however chromium volatization is a common problem (Zhu and Deevi, 2003). 
Strontium- and calcium-doped LaMnOa materials have been commonly employed as 
SOFC cathodes owing to the high stability and electronic conductivity in air, and 
compatibility with zirconia electrolytes at high temperatures.
LaFeOa, LaCoOa, LaNiOa and LaCuOa are mixed ionic-electronic conductors (MIEC) in 
oxidizing conditions, and furthermore have greater electronic conductivities than 
lanthanum manganites. The drive to lower the operating temperature of SOFCs has 
generated a huge amount of research into these chemicals as potential cathode 
materials. Activation polarisation overpotentials are greater at reduced temperatures 
(Costamagna et aL, 2004) and the electrochemical activity of lanthanum manganites is 
insufficient at temperatures of less than 800°C. However, the reactivity of lanthanum 
ferrites, cobaltites and nickelates with zirconia, and high coefficients of thermal 
expansion of lanthanum cobaltites, has hindered the application of these materials as 
SOFC cathodes.
The stability, reactivity, electrical properties and thermal expansion properties of 
La^ (^A^ )^BOa materials (B=first row transition metal) have been studied and related 
extensively to the chemistry of the ABO3 crystal lattice.
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6.3 Fundamental Properties
6.3.1 Stability and Reactivity
The chemical stability of LaBOs perovskites (B=V, Cr, Mn, Fe, Co, Ni) and decomposition 
processes, with respect to oxygen partial pressure has been measured by 
thermogravimetry (Figure 6.1) (Nakamura et aL, 1979)
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Figure 6.1 Weight change of LaB03 perovskites In reducing oxygen partial 
pressure (after Nakamura eta l, 1979}
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It is well known (as can be seen in Figure 6.1) that the chemical stability of the ABO3 
perovskite structure at atmospheric p(Oa) decreases with increasing atomic number, i.e. 
stability decreases in the order LaCr0 3 >LaMn0 3 > LaFe0 3 > LaCo0 3 > LaNi0 3 >LaCu0 3 .
The archehetypal cubic perovskite structure is not common; structural modifications are 
caused by displacements of the cations and distortions of the octahedra leading to 
crystal structures of lower symmetry (Norman and Morris, 1999). The magnitude of 
distortion is dependent upon ion sizes and bond character. According to a simple ionic 
model described by Goldschmidt, the crystal symmetries of ABO3 perovskite structures 
can be predicted by a 'tolerance factor' (t), calculated from the sizes of the A and B ions 
(Equation 6.1)
t  = d A -O
■ \f2d B -O
Equation 6.1
where o'is the bond distance (sum of ionic radii) of the A and 0, and B and O ions. The 
geometrical matching of the A and B-site ions means that the perovskite lattice produces 
a stabilisation effect on the transition metal cations in the B-sites. This stabilisation 
energy is largest when the t is close to unity and the lattice has the ideal cubic 
perovskite structure. For t values less than 1 the BOe octahedra within the crystal 
structure are rotated about the ( 1 1 1 ) axis resulting in a rhombohedral distortion and for 
yet smaller t, the octahedral tilt about the ( 1 1 0 ) and (0 0 1 ) axes and an orthorhombic 
distortion is observed.
For LaB0 3  (B=Ti, V,...,Cu) the relative size of La^  ^ to the BOe octahedron (described by 
the tolerance factor) is too small to make a cubic structure. The BOe octahedron tilts to 
make some of the distances of La-0 shorter. The occupation of d eg orbitals, by 
electrons of the B ions, makes the B-0 bond length larger (Hamada et a!., 1997) (Table 
6.1).
Table 6.1 Structure, bond distance, bond angles, tolerance factor and
Structure B-O(Â) LBOB (0) Tolerance 
factor (t)
d electrons
LaCrOa Orthorhombic 1.97 159 0.976 eaa
LaMnOa Orthorhombic 2.02 155 0.952
LaFeOa Orthorhombic 2.01 157 0.953 t^Zae a^
LaCoOa Rhombohedral 1.93 164 0.997 tSa
LaNlOa Rhombohedral 1.93 165 0.997 t®2a
LaCuOa Rhombohedral 1.94 180 0.991
At room temperature LaCr0 3 , LaMn0 3 , and LaFe0 3  crystallise as orthorhombic 
perovskites whereas LaCo0 3 , LaNi0 3  and laCu0 3  have the less stable rhombohedral
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perovskite structure, and under ambient conditions the ternary oxides La2 Ni0 4 -tf and 
LazCuO^ .^  with KzNiF -^type structure, displaying a markedly decreased electrical 
conductivity, are more stable (Kharton et 5 /., 2004; Hofer and Kock, 1993). It is well 
reported that LaNiOa-d exists only in a narrow range of temperatures and oxygen partial 
pressures. Decomposition of LaNiOa is observed at 850°C (Chiba eta/., 1999) although a 
single-phase LaNiOa perovskite structure stable up to 1000°C was formed by co­
precipitation from metal salt solutions (Norman and Morris, 1999). The instability of 
LaCuOa is such that the cuprate can only be synthesised in a high oxygen partial 
pressure (Yu and Fung, 2003). Attempts have been made to optimise the high-pressure 
synthesis of the rhombohedral perovskite structure (Karppinen et ah, 1995) but the 
perovskite structure is metastable in air. A 15-30 at% level of strontium doping was 
shown to be an effective method of stabilising the perovskite structure but 
decomposition into LazCu0 4  and CuO or CuzO at temperatures above 800°C under 
ambient pressure was observed (Yu and Fung, 2003). Such irreversible phase transitions 
that occur over the temperature range of processing and operation of SOFCs need to be 
avoided.
6.3.2 Conductivitv and Thermal Expansion Properties
It is known that LaNiOs has a high electronic conductivity at room temperature (King et 
ah, 1986). Oxygen-deficient LaNiOs s exhibits a metallic conductivity due to valence and 
conduction band overlap of the 3d and 2p orbitals of the nickel and oxygen atoms 
respectively (Zhao et ah, 2005). A room-temperature conductivity value of 1000 5 cm'^  
has been reported for this material (Kharton et ah, 1999; Hofer and Schmidberger, 
1993).
LaCoÜ3 possesses semi-conductivity, with bulk electrical conductivity of ~100 S cm'^  at 
900°C (Petrov et a!., 1995). When doped with strontium at the A-site to create both 
Co^  ^and Co"*^  ions at the B-site, the conductivity increases significantly with values of 
greater than 1000 S cm'^  at 900°C reported for all Lai_xSrxCo0 3  compositions with 
x=0.1-0.6. However lanthanum cobaltites possess very large coefficients of thermal 
expansion. Co^  ^ ions can occur in three different spin configurations; a low spin (t®zge°g, 
S=0), an intermediate spin (t%e^g, S=l) or a high-spin state (t%e^g, S=2). It is thought 
that a spin-state transition occurs upon heating LaCoOs causing a large Schottky-llke 
contribution to the thermal expansion of LaCoOs (Uhlenbruck and Tietz, 2004) and 
application of lanthanum cobaltites in SOFCs has been severely hindered by the very 
large GTE mismatch between this material and other typical cell components (~22.0 x 
10’® K'^  compared with values in range of 10.0 x 10’® K' -^13.0 x 10'® K'^ ).
Conversely, lanthanum ferrite has a more compatible GTE value (~9.5 X 10'^  K"^ ) but 
greatly reduced electrical conductivity relative to La(Sr)Co0 3  and LaNiOs. The increased 
lattice parameters and decreased symmetry of the orthorhombic LaFeOs relative to the 
nickelate and cobaltite structures, has been ascribed to the larger ionic radius of iron, as 
compared with nickel and cobalt (Falcon et a!., 1997) and account for the decreased 
conductivity (Chiba et a!., 1999). Strontium doping at the A-site is inadequate to 
increase the electrical conductivity of these ferrites close to the level of La(Sr)Co0 3  or 
LaNi0 3 - 5  (Coffey et ah, 2004).
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It is also known that compositions with cobalt, iron and nickel possess ionic conductivity 
due to the formation of oxygen vacancies to compensate for doping of La^  ^by ions, 
or partial reduction or thermal decomposition of or B^  ^ to B^  ^to B^  ^ respectively 
(Ullmann et at., 2000). The ionic conductivities are orders of magnitude higher than 
those of compositions with chromium or manganese at the B-site, as Cr and Mn ions are 
more stable in higher-charged states. Materials which are mixed ionic-electronic 
conductors (MIEC) are attractive candidates as SOFC cathodes as the sites at which the 
cathode reaction steps can take place are significantly Increased, compared with an 
exclusively electronic conductor.
6.3.3 Potential of LaB03 Materials for Application as an IP-SOFC Cathode Current 
Collector
The IP-SOFC is operated at temperatures in the range of 850-950°C and the GTE of the 
tube substrate, averaged between room temperature and 1000°C, is 10.6 xlO ® K'\ 
Phase stability at the IP-SOFC manufacturing and operating temperatures is crucial, 
while the CCC must meet targets of performance such as adequate layer conductance 
and mechanical integrity.
Lanthanum-transition metal oxides of formula LaBOa, where B=Cr, Mn, Fe, Co and Ni 
possess electrical conductivities increasing In the order LaCrOs< LaMnOa <LaFeOa 
<LaCoOa <LaNiOa. However, the thermodynamic stability of the ABOa perovskite phase 
decreases in the order LaNiOa< LaCoOa <LaFeOa <LaMnOa <LaCrOa. The high electronic 
conductivities and ability to conduct oxygen Ions make LaNiOa, LaCoOa, LaFeOa materials 
attractive candidates as SOFC cathodes, however their application is hindered by their 
reactivity towards zirconia. The high coefficient of thermal expansion of lanthanum 
cobaltites has further limited application of these materials as SOFC cathode.
Efforts to overcome the critical drawbacks of these highly conductive ceramic materials 
for high temperature electrochemical applications have mainly focussed on combining 
two or more metals at the B-site. In the IP-SOFC, contact between the cathode current 
collector layer and electrolyte is minimal so the issue of reaction with zirconia is not as 
pertinent. Therefore such compositions, which combine metals at the B-site, may offer a 
compromise between the high conductivities of lanthanum nickelates and cobaltites and 
the high stability of ferrites, manganites and chromites, to meet the performance 
requirements of the IP-SOFC CCC layer.
6.4 Screening of potential La(Sr)B(B ' ) 0 3  materials for IP-SOFC cathode 
current coilection
By combining the electrical and mechanical models presented in section 5.6 it Is possible 
to make a comparison between candidate CCC-layer materials (with different GTE values 
and conductivities) to elucidate which hold the greatest potential for application in the 
IP-SOFC. The thickness of a layer of 40% porosity, required to meet the conductance 
target of 2.5 S is calculated on the basis of the bulk conductivity values.
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Table 6.2 Comparison of the required layer thickness and estimation of
tolerable layer thickness for a range of anthanum perovskite materials
Potential CCC 
material
Bulk Conductivity 
at 900°C (Scm*^)
Required Layer 
thickness (pm)
CTE between 
25-lOOQoC (106 k-1)
LaoyCaosCrOg^ 50 830 11.5
l-3o esSr*) gMnOs 1 0 2 410 12.3
LSosSro zFeOs 1 0 0 415 1 2 . 6
Lao.sSr0 .2 C0 O3 1125 37 2 0
Lao.sSro. 2CO0 .3  Feo 7 O3 225 185 16.5
LaCo0 .7 Ni0 .3 O3 795 52 17.3
La Nio.6 Feo.4 O3 560 74 11.4
Lai-xSrxCoi-yFeyOa-ô (LSCF) has been extensively investigated as a cathode material for 
intermediate temperature SOFCs (Lei et al. 2006; Wang et al. 2005; Zhang et at. 2005; 
Murray et ah 2002; Sahibzada et ah 1998). However, as can be seen in Table 6.2, even 
low levels of cobalt doping at the B-site of LSCF materials results in a large coefficient of 
thermal expansion relative to the undoped LSF material. Kharton et a! (1998) have 
investigated the mixed electronic and ionic conductivity of LaCoi-xNixOs for x=0.1, 0.3. 
Although these materials possess high electrical conductivity, again the CTE values are 
very large (Table 6.2). It has been suggested that a difference in thermal expansion of 7 
X 10 ® K \  between the IP-SOFC CCC and tube materials (with CTE values in the range of 
10-11 X 10 ® K'^ ), limits the maximum thickness of a crack-free CCC layer to less than 10 
pm (Friehling and Hendrikksen, 2001), demonstrating the severity of the problem that is 
pos^ by the high CTE values of lanthanum cobaltite materials, with regard to their 
application in the IP-SOFC CCC.
The perovskite phase stability domain of LaNiO]  ^can be increased by B-site doping with 
Cr, Mn, Co, Fe and Ga, (Chiba, 1999; Kharton et al, 1999). Chiba ef j/(1999) prepared 
LaNio.6 Mo.4O3 samples, stable up to 1000°C for M= Cr, Mn, Co, Fe and Ga. However, for 
all except M=Co and Fe, the conductivity of the sintered materials was measured to be 
less than 25 S cm'\ more than 2 orders of magnitude less than the present PdLSM CCC 
material, while the average CTE value of LaNi0 .5Co0 .4O3 between room temperature and 
1000°C was calculated as 15.0 x 10"® K'\
Therefore combining iron and nickel at the B-site appears to offer the best compromise 
in the trade-off between stability, conductivity and thermal expansion behaviour. 
Lanthanum nickel ferrite materials, LaNii-xFex0 3 , with x<0.6 have been synthesized at 
temperatures of 1400°C (Chiba, 1999). The highest conductivity at 9GQ0C, of ~560 S 
cm'\ was exhibited when x=0.6 and the reported CTE value, averaged between room 
temperature and lOOQoC, was 11.4 x 10 ® K \
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6.4.1 Lanthanum Nickel Ferrites
Chiba et al. investigated the effect of varying x on the structure, electrical conductivity 
and GTE of LaNii-xFexOa materials. Figure 6.2 shows the identified phase of the 
crystalline materials and their conductivity values at 800°C, as a function of x.
Î
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Figure 6.2 Composition dependence of electronic conductivity at SOO^C of 
LaNii-xFOj^s (Chiba etaL, 1999)
The highest conductivity at 950°C, of ^^ 560 S cm'^ , was exhibited when x=0.4 and the 
temperature dependence of electronic conductivity of dense samples (sintered at 
14QQ0C for 24 hr) with compositions near LaNio.6 Feo.4O3 were measured as shown in 
Figure 6.3.
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Figure 6.3 Temperature dependence of electronic conductivity of weii- 
sintered samples with compositions near LaNio.6 peo.4 O3 ; LaNii_xFe; ^ 3  (J(r=0.36, 
0.38,0 .40, 0.42, 0.44) (Chiba et aL, 1999)
The reduction of the crystal lattice constants by further substitution of nickel for iron, 
due to its smaller ionic radii, increases the symmetry of the structure and enables better 
band overlap of the 2p-0 and 3d-Ni orbitals. Thus it might be expected that conductivity 
would increase as x is decreased. X-ray diffraction of the samples indicated, however, 
that some decomposition of LaNio.6 2 Feo.38O3 and LaNio.6 4Feo.3 6O3 had occurred, and the 
lower conductivities measured for these samples were attributed to the formation of less 
conductive species. This indicates that LaNio.5 Feo.5O3 may possess greater stability than 
LaNio.6 Feo.4O3 at IP-SOFC manufacturing and operating temperatures.
6.5 Summary
The thermodynamic stability, conductivity and coefficient of thermal expansion of LaB0 3
(B=Ti, V Cu) materials have been reviewed with respect to the chemistry of these
perovskite-structured ceramics, and potential application as IP-SOFC CCC materials. 
High electrical conductivity of lanthanum cuprates and lanthanum nickelates is 
compromised by instability at high temperatures while the large thermal expansion 
coefficients of doped lanthanum cobaltites, compared with SOFC materials, negates the 
high electrical conductivity and thermal stability of these materials. Lanthanum ferrites, 
lanthanum manganites and lanthanum chromites possess high thermal stability and 
compatible coefficients of thermal expansion, but the electrical conductivity of these 
materials is too low for application as IP-SOFC CCC materials.
Many studies have been carried out on materials with two transition metals at the B-site, 
in an attempt to identify optimal materials for SOFC cathodes. Review of literature has
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highlighted that LaNio.5 Feo.5O3 and LaNlo.6 Feo.4O3 , which have been investigated as 
potential SOFC cathode materials, hold potential for application as IP-SOFC cathode 
current collector materials on the basis of their combined favourable properties of 
thermodynamic stability, electronic conductivity and coefficient of thermal expansion.
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COST AND ENVIRONMENTAL ASPECTS OF LANTHANUM AND PALLADIUM 
CURRENT COLLECTOR MATERIALS
7.1 Introduction
The potential environmental benefits of SOFC systems in operation are commonly 
acknowledged (section 3.2), however recent trends In environmental policy have 
highlighted the need to consider the environmental impacts throughout the entire life­
cycle of a product, including the end-of-life phase. Additionally material prices are 
affected by number of factors including resource availability and location, extraction and 
purification methods and Industrial demand.
Economic and environmental effects of the IP-SOFC constituent materials, from resource 
extraction to disposal, should not compromise nor negate the environmental or 
commercial potential of the IP-SOFC product. In this chapter the cost and environmental 
aspects of lanthanum- and palladium-based materials are compared, from resource 
availability and extraction, to supply and demand and impact of use. (It was considered 
that lanthanum was the most significant, economically and environmentally, of the 
constituent elements of LaNii-xFexOs materials).
7.2 Lanthanum containing materials
7.2.1 Background Information
Lanthanum (La) belongs to a group of elements termed rare earth metals, a group of 17 
elements including the transition metals scandium and yttrium and the lanthanide 
elements with atomic numbers 57 through 71. The name rare earth was created in 1794 
by Johann Gadolin due to their believed scarcity and earthy appearance. It took 150 
years from their discovery for complete isolation and classification due to the chemical 
similarities between the rare earth elements (REE). Lanthanum was discovered in 1839 
by a Swedish chemist, Carl Gustav Mosander. It is classified as a light rare earth element 
(LREE), a subgroup comprising the seven elements with atomic numbers from 64 to 71.
7.2.2 Resources and Extraction
More than 200 minerals are known to contain REEs. These minerals consist of various 
REE compounds and non-metals. There are six general stages involved in the rare earth 
industry supply chain as outlined in Table 7.1.
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Table 7.1 Rare Earth Supply Chain Steps {after Sinton, 2005)
Stage Processing Steps Products
1 Mining Bastnasite, monazite, ion- 
adsorption clays
2 Mineral concentration by froth 
flotation
Rare earths concentrate
3 "Cracking" of minerals and 
extraction of rare earths into 
concentrate subgroups
Intermediate mixed products for 
low value consumption or 
further processing
4 Separation of high purity, 
individual rare earths
A variety of chemical compounds 
and alloy purities
5 Smelting into high purity and 
mixed metals
Mischmetal, alloys, individual 
element metals
6 Addition of rare earths into 
products
Magnets, catalysts, metal 
hydrides, etc.
Source: BCC Research
The mining process depends on the type of deposit. The three most globally important 
ores of the LREEs are the minerals bastnasite, (Ce,La,Y)C0 2 p (consisting of 70 wt% rare 
earth oxide (REO)), monazite (Ce,La,Nd,Th)P0 4  (75 wt% REO) and ion adsorption clays 
(1 wt% REO), which are formed by the weathering of granite. Generally rare earth 
minerals are mined as by-products from mining of other ores such as iron.
Stage 2 involves removing the unwanted materials and concentrating the rare earth 
minerals. Several steps including gravity separation, magnetic separation and froth 
flotation, are involved in the beneficiation of bastnasite and monazite. Although 
substantially lower grade ore, the extraction of rare earths from ion-adsorption clays 
involves a relatively easy process of mixing in a dilute aqueous solution of sodium salts 
to displace the rare earths from the clay into solution.
The 'cracking' of rare minerals (stage 3) usually involves digestion of the minerals in 
acids or bases to separate the rare earths from other components in the mineral. 
Fluorine in the concentrate is discharged during cracking. This stage is not required in 
processing of ion-adsorption clays.
The digested concentrates are treated to produce feedstocks which can be further 
processed to separate the contained elements. The initial separation stage involves 
solvent extraction resulting in materials with up to 99.9 % purity. An ion-exchange 
process is used to obtain higher purity.
7.2.3 Global Reserves
In spite of their name the REEs are not really rare. Each of the 17 elements are more 
common in the earth's crust than silver, gold or platinum, while yttrium, neodymium and 
lanthanum are more abundant than lead. The concentration of lanthanum in the earth's 
crust is 30 mg kg'^  (CRC Handbook of Chemistry and Physics, 2004) a similar crustal 
concentration to chromium, nickel, copper and zinc.
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The rare earth global reserve base, "the part of an Identified resource that meets 
minimum physical and chemical criteria and can be feasibly mined", is estimated to be 
about 150 million metric tons (Sinton, 2005). Global reserves (the portion of reserve 
base that can be 'economically' extracted) is reported at 100 million metric tons. Figure
7.1 displays the percentage distribution of the global reserve from published reserves.
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Figure 7.1 Distribution of Global Reserves of Rare Earth Elements (adapted
from Sinton 2005)
Since published reserve levels do not consider the actual recovery rate of material or 
current economics, it has been estimated that the global net recoverable reserves that 
can be economically extracted are 6.2 million metric tons REO. Global production of rare 
earths was estimated at 103,000 metric tons REO. China was the source of 95 % of the 
total production, exporting 55,300 tons at 552 million US$, approximately US$ 1000 p. 
metric ton.
7.2.4 Potential for SuddIv Disruptions
The very high concentration of mining and processing in a single, state-run country 
makes the REE supply chain vulnerable to disruptions caused by political, economical 
and environmental issues. Nonetheless, several very large rare-earth deposits in 
Australia and USA, for example, have yet to be fully developed because world demand is 
currently being met by existing production (U.S. Geological Survey, 2005).
7.2.5 Applications and Uses
Rare earths have unique chemical, catalytic, electrical, magnetic, metallurgical, and 
optical properties that offer potential for many technological applications. In recent 
years they have featured prominently in advancement of materials technology. The 
challenge to industry, of maintaining the rapid rate of technology advancement as 
environmental regulations become increasingly tight has accelerated research and 
development of new materials and novel applications incorporating rare earths (Table 
7.2). As well as fuel cells, the electrical properties of rare earth oxides have attracted 
interest for their potential application in batteries, sensor, electrochromics, process 
control, environmental protection and optical materials (Kumar, 2000).
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Several REEs are used In petroleum fluid cracking catalysts, automotive pollution-control 
catalytic converters and energy-efficient fluorescent lamps. REEs are replacing toxic 
heavy metals in many applications. Rechargeable lanthanum nickel hydride batteries are 
being used instead of nickel-cadmium batteries in computer and communications 
applications because they offer greater energy density and more favourable charge- 
discharge characteristics while presenting fewer environmental problems upon disposal 
and recycling. Red and orange pigments made with lanthanum and cerium are replacing 
traditional commercial pigments containing cadmium and other toxic heavy metals
As well as using flammable and toxic refrigerants, it is widely agreed that gas- 
compression refrigerators have had a significant negative effect on the global 
environmental through depletion of the Earth's ozone layer and contribution to the 
greenhouse effect (Ashford, 2004). Magnetic refrigerators are considerably more 
efficient, do not require refrigerants that are flammable or toxic, nor produce harmful 
atmospheric emissions. A newly developed rare earth metai alloy may enable such 
technology to become competitive with gas-compression refrigerators (Huang, 2006).
Table 7,2 Rare Earth Application and Demand {after Sinton, 2005)
Rare Earth 
Applications
Rare Earth 
Elements
2005 Rare 
Earths 
Demand 
(tons)
Growth Drivers
NiMH Batteries La, Ce, Pr, Nd 7200 Hybrid vehicle batteries 
Rechargeable batteries
Fluid Cracking 
Catalysis
La, Ce, Pr, Nd 15400 Oil production 
Increased use for sour oils
Auto Cataiysis Ce, La, Nd 5830 Gasoline and diesel fuel 
additive 
Tightening of automotive 
emission standards globally
Polishing
Powders
Ce, La, Pr, 
mixed
15150 LCD TVs and monitors 
Plasma TVs and displays 
Silicon wafers and chips
Glass Additives Ce, La, Nd, Er, 
Gd, Yb
13590 Optical glass for digital 
cameras 
Fibre Optics
Phosphors Eu, Y, Tb, La, 
Gd, Dy, Ce, Pr
4007 Energy efficient compact 
fluorescent lights
Magnets Nd, La, Tb, Sm, 
Pr, Dy,
17170 Electric motors 
Electronic power steering 
Air conditioners 
Generators 
Hard disk drives
7.2.6 Lanthanum prices
From 1990 to 2003 the price of lanthanum steadily declined due to an over supply 
because of its natural abundance in bastnasite (Figure 7.2). A standard 99% purity 
oxide is approximately US$ 2 per kg while 99.999% purity oxide is ~US$ 4.5 per kg.
46
C IF  United States
50.00 j
45 00 -
40 00 .
35.00 - •
30.00 -
25.00 -■
6 20.00 - .
15.00 - •
10 00 - •
5.00 - •
0 00 - I ' " T " ' ' ' ■ r  I ■ I I I I I . p . . . .  I I 
1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003
■La II 
■Cc 
Nd 
■Pr 
•Sm
Figure 7.2 The price of the major rare earth oxides 99%  purity CIF USA. (after
Sinton, 2005)
7.2.7 Environmental Impact of Use
Extraction of rare earths from minerals requires high energy because of the strong 
bonds in their structure. Fluorine emissions during the 'cracking' of minerals (Table 7.1) 
have led to recent cutbacks in ore-processing in China. Additionally there are problems 
associated with the harmful accumulation of radioactive elements by the mining of 
monazite, such that high thorium levels in some reserves in the US make them 
environmentally impossible to mine. However, thorium is a non-proliferative nuclear fuel 
and it is likely that it will replace uranium in the future, especially as concerns over 
terrorism grow.
Although ion-adsorption clays are substantially lower grade ores (1 wt% REO) than 
monazite (75 wt% REO) and bastnasite (70 wt% REO), mining and processing is easier. 
Deposits are mined by an open-pit method and no milling or ore-dressing is required. 
They also have a very low content of radioactive elements. This type of clay is produced 
over an extensive area of Southern China, and it has been recommended to other 
countries to investigate lactectic clay formed by weathering of granites (Kanazawa and 
Kamitani, 2006).
More REEs which were previously only found in natural stable forms are being 
discovered in soils and aquatic environments in biologically available forms (Nakamura, 
2006). So far, results of investigation of toxicity of REEs to terrestrial animals (Haley, 
1965; Venugopal & Luceky, 1975; Ding & Ma, 1995; Ji et a!., 1985) have indicated REE 
compounds have low to moderate acute toxicity and cause very little change in chronic 
toxicity. Bioaccumulation in aquatic animals was investigated using carp (Qiang et a!., 
1994) which showed a low ability to take up the REEs.
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7.2.8 End-of-life Management
Rapid increase in the application of REEs has led to significant amounts of scrap being 
stockpiled. As such, research is being carried out into establishing cost-effective 
recycling processes for these materials (Saito et a i, 2006). Since rare earths are partly 
metallic they are highly aggressive for common refractory material, and slags enriched 
in REE are an accepted raw material for the chemical industry (Muller and Friedrich, 
2006). Furthermore, effective processes for the recovery of rare-earth elements from 
scrap have been demonstrated (Chi et aL, 2004; Hirajima et a i, 2005; Murase et aL, 
1995; Saito eta!., 2006).
7.3 Palladium
7.3.1 Background Information
Palladium belongs to the platinum group metals (PGMs) and exists in three oxidation 
states; Pd°, Pd^  ^and Pd'^ .^
7.3.2 Resources and Extraction
Palladium is amongst the scarcest of metallic elements. It is found in the earth's crust at 
a concentration of 1-10 pg kg"^ . It is recovered mostly as a by-product of platinum and 
other base metal refining, e.g. nickel. PGMs are very expensive to mine and purify.
PGM ore is mined by blasting out of the ground. It Is then crushed and milled Into 
smaller rock particles which are mixed with water and reagents and pumped through 
with air to form a "froth flotation", as in rare earth mining. PGM-rich particles, adhered 
to the bubbles created by this process, are removed at the surface and the remaining 
material is put through the process a second time. The dried flotation concentrate is 
smelted at temperatures that may be over 1500°C and a mixture of the metals is 
separated from unwanted minerals such as Iron and sulphur.
Nickel, copper and cobalt are separated and refined using electrolytic techniques leaving 
rich residues which require the separation and purification of the remaining PGMs, gold 
and silver. This stage is an intricate process involving solvent extraction, distillation and 
ion-exchange techniques. Finally, the soluble metals, which dissolve in hydrochloric acid 
and chlorine gas, are obtained: first gold and then palladium and platinum.
PGM mining Is an expensive and labour-intensive industry. The process takes up to six 
months, and requires 22-38 tonnes of ore to produce 100 g of platinum (International 
Platinum Group Metals Association).
7.3.3 Global Reserves
Between 1/3 and of the known Pd resources are located in Russia, which supplied 55 
% of the 190 metric tons produced worldwide in 2005. Palladium demand in that year 
was 160 metric tons.
7.3.4 Potential for Supply Disruptions
Global palladium production and supply is dominated by the Russian Federation through 
stockpile sales and output of the main producing company, Norilsk Nickel. In recent
48
years, palladium supply has been unpredictable and price volatility has increased. The 
actual level of Russian stockpiles of palladium is not publicized by the Russian 
government but it is believed they may have fallen to very low levels (Unctad website) 
and that much of Russia's palladium may have been exchanged for loans from Western 
banks.
7.3.5 Applications and Uses
The very good catalytic properties, durability, hardness, high melting points, corrosion 
resistance and high temperature stability of PGMs have made these metals indispensable 
in the production of catalytic converters, electronic devices, medical appliances and 
industrial chemicals and synthetics. Their durability and strength allow products to be 
more reliable and longer-lasting and thereby cutting down on waste. Figure 7.3 shows 
the proportion of palladium demand by different industries in 2005 (Johnson Matthey, 
2006).
Figure 7.3 Palladium demand by application in 2005 fSource:UNCTAD based 
on data from Johnson Matthey's Platinum Reports)
7.3.6 Palladium Prices
The period average between 1992 and 2006 was 8875 US$ per kg. The peak price of 
palladium in the first quarter of 2001 was 1090 US$ per troy ounce/ 35044 US$ per kg. 
In the following 30 months, the price dropped 87%, which highlights the volatility of 
palladium price (Figure 7.4).
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Figure 7.4. Palladium price (US$ per troy ounce) trend over period 1992-2007 
(after Johnson Matthey- Platinum Today)
7.3.7 Environmental Impact of Use
Palladium is regarded as having low toxicity. It is more mobile in the environment than 
other PGMs with a transfer coefficient into plants of greater than 0.1 (Schaeffer et a!., 
1998). However, most plants tolerate low levels of palladium salts (Environmental 
Effects of Palladium, Lenntech).
The greatest environmental impact of the increased use of palladium is resource 
depletion and the energy-intensive mining process. There are a number of difficulties 
associated with the environmental assessment of PGM production such as data gaps due 
to confidential environmental information (Pehnt, 2001). Also calculating emissions 
produced in PGM mining is not straightforward, for example in South Africa 0.5 kg 
palladium, 0.1 kg rhodium, 300 kg nickel and 200 kg copper are produced for every 1 kg 
platinum mined (Schuckert et al. 1998) yet the mined platinum yields over 50% of the 
return despite only making up 0.2 wt% of production. Therefore it is more usual to 
allocate emissions according to market price rather than mass of produced metal 
(Schuckert et ai, 1998; Frischknecht et ai. 1996; Hochfeld et ai. 1997).
It has been estimated that during the process, 6 kilograms of carbon are emitted per 
gram of platinum recovered (Rhodes, 2007). Significant levels of SO2 and NOx emissions 
are also produced, which lead to environmental degradation by acidification. Other 
significant environmental impacts from palladium mining and production include 
groundwater pollution and the release of ammonia, chlorine and hydrogen chloride into 
the atmosphere.
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7.3.8 End-of-life Management
The Increasing demand of PGMs and primary material costs has driven research into the 
recovery of PGMs from catalyst waste. Recovery is often carried out using traditional 
metallurgical routes similar to the smelting process required for extraction of virgin 
metais from ore: in order to fuse the catalyst substrate and dissolve the PGM, it is 
melted at a very high temperature with iron or copper (Unctad website, 2007). The 
obtained alloy is leached to dissolve the copper or iron and the extracted PGM 
concentrate is refined in a complex process similar to that for PGM containing ore, 
described in section 7.3.2.
7.4 Summary
The low availability, high cost and time and energy required for production of palladium, 
threatens to undermine the environmental benefits of energy generation from IP-SOFCs, 
which make use of this material for cathode current collection. Lanthanum is a much 
more abundant element and significantly cheaper to produce. Although there are some 
environmental issues regarding certain types of production, an environmentally benign 
method is available and further opportunities exist for this type of production to 
increase. As such, replacement of palladium by a lanthanum-based material should 
significantly increase the potential for IP-SOFC technology to advance sustainable 
energy generation.
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8  COMPARISON OF THE POTENTIAL OF LaNio.6 Feo.4 O3  AND LaNîo.sFeo.sOg FOR 
CATHODE CURRENT COLLECTION IN  THE IP-SOFC
8.1 Scope
Review of the literature has highlighted lanthanum nickel ferrites, LaNii-xFelxOa, with 
x=0.4 and x=0.5, as candidates for replacement of the palladium-based cathode current 
collector, in order to enhance the environmental and economic potential of the IP-SOFC. 
This chapter presents a comparison of the potential of LaNio.6 Feo.4 O3 (LNF60) and 
LaNio.5Feo.5O3 (LNF50), for IP-SOFC current collection, on the basis of properties of 
conductivity, thermal expansion, stability and reactivity with other cell materials. Results 
are compared with the palladium cermet material, Pd-(Lao.8 5Sro.i5)o.9oMn0 3  (PdLSM), 
which is presently employed as the IP-SOFC cathode current collector.
8.2 Conductivity Properties
8.2.1 Experimental
LNF powders (Praxair, USA) were isostaticaily pressed and sintered at 1180°C to ~90% 
of the theoretical density (measured geometrically). PdLSM ink (Gwent Electronic 
Materials, UK) was heated to obtain the powder, which was sintered at 1200°C to ru7 0 % 
of the theoretical density.
The conductivities of the sintered bars were measured by dc 4 point method, as 
schematically represented in Figure 8.1. Notches were made on the sintered bars to 
allow Pt wire to be wrapped around at 4 points and joined with Pt paste, fired at 900°C 
(Figure 8.2 b). The platinum wires were attached to platinum wires of a 4 point 
conductivity rig, shown in Figure 8.2, allowing electrical current to be passed across the 
bar and the voltage drop to be measured.
Figure 8.1. Schematic diagram of the 4 pt DC apparatus used for measuring 
the bulk conductivity of the sintered bars. S=Sample, I=DC supply, V= digital 
voltmeter, F=Furnace, T=thermocouple.
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Figure 8.2 LNF0.6 sample attached to DC 4 pt conductivity apparatus
The rig was inserted vertically into a furnace and the temperature was ramped to 950°C 
at a rate of 5°C min'^  and held at 1 hour to allow equilibrium to be reached. A fixed 
current, of 0.2 amps in the case of LNF samples, and 1 amp for the PdLSM sample, 
(using a TTi model EI302 power-supply) was applied. The voltage drop was measured 
over a temperature range of 950°C to 150°C allowing a delay of 30 minutes between 
each temperature change. The cross-sectionai area of the bars {A) and length over 
which the voltage drop was measured {!) were determined using callipers, and used to 
calculate the conductivity (o) by Equation 8.1.
/(j = R.A 
Equation 8.1
Table 8.1 presents the bulk conductivities and calculated percentage densities of the 
LNF bars.
Table 8.1 Bulk conductivity values, at 900 °C in air, of LNF and PdLSM.
Sample Theoretical 
density 
(g cm^)
Actual 
density 
(g cm^)
Percentage
density
Conductivity 
at 900 °C 
(S cm^)
LNF60 6.93 6.13 8 8 552
LNF50 6 . 8 6 6.15 90 378
PdLSM 11.3 7.95 71 8330
Chiba et at. (1998) measured the conductivity at 900°C, of 97% dense samples of 
LaNio.6 Feo.4O3 as ~560 S cm'\ The samples prepared in this study had increased porosity 
and, as pores are essentially an insulating phase, it would be expected that a 9 % 
increase in porosity would result in a decreased conductivity. However, the less dense 
material had a comparable electrical conductivity. Figure 8.3 compares the XRD patterns 
of the LaNio.6Feo.4O3 samples prepared In this work (Figure 8.3 b) with those of Chiba et
53
a i (Figure 8.3 a). The small peak marked at ~32° (28) In Figure 8.3 a corresponds to a 
reflection from an La4Nl3 0 io Impurity, while that at ^^ 43° (20) Indicates there has been 
some precipitation of nickel oxide. These phases are thought to have a decreased 
conductivity relative to the starting material and are therefore expected to Increase the 
resistivity of the bulk material (Chiba et a i 1999; Knudsen et al., 2005). Such 
decomposition Is not shown by the XRD trace of the samples sintered by the method 
used In this work (Figure 8.3 b) and may explain why a similar conductivity value was 
measured despite the lower density of the pellets.
a)
( O A I O ) NIO
b)
20 25 30 35 4540 50
Diffraction Angle (2 theta)
Figure 8.3 a) XRD pattern of LaNio.6 Feo.4 O3  sample prepared by Chiba et ai.
and b) prepared in this study
Studies on the conductivities of the end-members of the La(NI,Fe) 0 3  series Indicate 
different mechanisms of conduction In the LaNIOs and LaFeOs structures. LaNIOs is 
known to possess a rhombohedral structure and exhibits metallic-type conductivity down 
to 4.2 K (Rajeev et a!., 1991J due to the overlap of nickel 3d and oxygen 2p orbitals, 
which creates a partially filled conduction band. Orthorhombic LaFeOs exhibits semi­
conducting behaviour where the defect equilibrium allows electronic conduction by 
thermally promoted small polaron hopping of charge carriers localised at the Fe-sltes 
(MIzusakI et a!., 1985). The temperature dependence of the DC conductivity due to a 
process of hopping of small polarons can be described by Equation 8.2 (Goodenough, 
1971).
Equation 8.2
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where Co is a constant and ke, T, and Ea refer to the Boltzmann constant, absolute 
temperature and activation energy respectively. A plot of log(oT) against 1/T will give a 
straight line with a gradient equal to the negative of the activation energy. Figure 8.4 
displays plots of the LNF and PdLSM data. It can be seen that PdLSM has a near-zero 
activation energy (0.12 kJ mol^-calculated from the gradient of the trendline) 
characteristic of metallic conduction, reflecting Its high palladium metal content. The 
conductivity of LNF6G was found to have an activation energy of 2.37 kJ mol'^  while that 
of LNF50 was found to be 3.08 kJ mol \  This reflects the Increasing contribution of 
metallic-type electron conduction as the nickel content Is Increased In the LaNLFei-xOs 
perovskite resulting In Increased overlap of the nickel 3d and oxygen 2p orbitals.
PdLSM — LNF60 —A— LNF50
:;
Ej\=0.12 kJ mol'
[.-2.37 kJ mor’
=3 .08 kJ mol
ana am ann a m  a m  am  am a m  
wrn'i
Figure 8.4 Log(aT) against 1 /T  for LNF60, LNF50 and PdLSM.
The Increased conductivity of the composition with a greater nickel to Iron ratio can be 
further accounted for by the Increased symmetry of the crystal structure. The 
conductivity of ABO3 perovskites Is affected by the extent of distortion of the ideal cubic 
structure, dictated by Ion sizes and bond character.
The effective Ionic radii of the twelve-coordinated A^ ,^ and six-coordlnated B^  ^cations In 
La(Fe,NI)Û3 are 1.36 Â, 0.56 Â and 0.65 Â for La^ ,^ Np  ^(low spin) and Fe^  ^ (high spin) 
respectively (Falcon et a!., 1997). According to the tolerance factor (t) described In 
section 6.3 (Equation 6.1), LaNIOs has a t value of 0.996 and Is found to be 
rhombohedrally structured. LaFeOs has a lower value of t=0.954, and possesses the 
more distorted orthorhombic structure. Therefore It can be expected that a transition 
between the rhombohedral and orthorhombic structures occurs over the La(NI,Fe) 0 3  
series. Chiba et al. (1998) concluded that LaNlo.6 Feo.4O3 had a rhombohedral unit cell, 
while LaNlo.5 Feo.5O3 was In the orthorhombic phase, while Falcon et ai. (1997) Identified 
both rhombohedral and orthorhombic phases of the LaNio.5Feo.5O3 perovskite.
XRD patterns of the LNF60 and LNF50 compositions are displayed In Figure 8.5 and 
Figure 8 . 6  respectively. The rhombohedral distortion of the Ideal perovskite octahedral Is
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characterized by a splitting of the main reflections, whereas the orthorhombic distortion 
shows additional superstructural reflections with low intensity of the Bragg positions far 
from the characteristic reflections of the ideal perovskite (Lacorre et a!., 1991). Figure
8.5 indicates the LNF60 unit cell is rhombohedrally structured, while the LNF50 
composition is present in both rhombohedral and orthorhombic phases, as found by 
Falcon (1997). The shift of the peaks to higher diffraction angles, when the nickel 
content is increased from 50 to 60 % (Figure 8.7) indicates that the LNF60 composition 
has smaller lattice constants and higher symmetry than the LNF50 structure. Increased 
overlap of nickel and oxygen atoms in the crystal structure is advantageous for electron 
conduction through the overlapping Ni 3d and 0  2p orbitals.
Ii
a 3020 30 40 «9 90
Figure 8.5 XRD pattern of LNF60 sintered at 1180 °C for 8 hours
2930 30 39 40 90
Figure 8.6 XRD pattern of LNFSO sintered at 1180 °C for 8 hours
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Figure 8.7 Relative position of main XRD reflections of sintered samples of
LNFSO and LNF60
The measured conductivities of the LNF compositions are more than an order of 
magnitude lower than that of PdLSM, which had greater porosity (Table 8.1). This 
supports the assumption that a much thicker CCC layer needs to be applied if LNF is 
substituted for PdLSM in the IP-SOFC. The required thickness, h, of a layer of 40% 
porosity, to achieve the target layer conductance of 2.5 S (Section 5.6), can be 
approximated from the conductivities (a) of the samples of ~90 % density by Equation 
8.3.
h = 2.5
c7(*(0.6 / 0.9))
Equation 8.3
The measured conductivities in Table 8.1 set a target thickness of 68 pm for LNF60 and 
100 pm for LNF50.
8.3 Phase Stability and Durability
LaNiO] is sensitive to partial oxygen pressures at high temperature since Np  ^ can be 
reduced to Ni^  ^ resulting in the formation of oxygen vacancies and decomposition to 
form the higher order Ruddlesden-Popper perovskites of general formula Lan+iNinOsn+i. 
The decomposition reaction (n+l)LaNiO] Lan+iNinOsn+i+NiO+l/ZOz occurs at 
T>860°C (Odier et a i, 1985). Decomposition of an LNF CCC material during 
manufacture or operation is undesirable as the secondary phases are believed to have a 
reduced conductivity (Chiba et a i, 1999) and may result in further reaction with other 
cell materials, or alter the mechanical properties of the CCC layer.
The stability of the LaNixFei-xOg perovskite phase at high temperature is known to 
increase as the iron content is increased. Fe(III) is more stable than Ni(III) at high 
temperature and introduction of only 25% of Fe(III) into LaNiO] has been shown to 
increase the stability of the perovskite phase up to 1000°C (Falcon, 1997). As the
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transition from the rhombohedral crystal structure to the more stable orthorhombic 
phase occurs between x=0.6 and x=0.4, LNFSO may be expected to be more stable than 
LNF60 at the CCC manufacturing temperature and operating temperature over time.
The XRD patterns of LNFSO and LNF60 powders after calcining for 8 h at 1180°C 
Indicate no decomposition of the perovskite phase has occurred (Figure 8.S-Flgure 8.6). 
Further powder samples were calcined at the IP-SOFC operating temperature (950°C) 
for a period of 6 months. The XRD patterns of these thermally aged powders are shown 
In Figure 8.8-Flgure 8.9. The change In Intensity of the peaks at ^^ 32° (20) suggests the 
ratio of rhombohedral to orthorhombic phase of the LNFSO composition has increased. 
No additional peaks are observed in the XRD traces and, although XRD does not detect 
Impurity phase content levels of less than ~S %, the analysis suggests that little or no 
decomposition of LNF60 or LNFSO occurs at the SOFC operating temperature over a 
period of 6 months.
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Figure 8.8 XRD pattern of LNF60 thermally aged at 950°C for 6 months
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Figure 8.9 XRD pattern of LNFSO thermally aged at 950°C for 6 months
8.4 Chemical Compatibility of LaNio.5Feo.5O3 and LaNio.6Feo.4O3 with other Cell 
Components
8.4.1 Introduction
The present IP-SOFC employs an yttria-doped zirconia electrolyte (YSZ) and an A-site 
deficient (Lao.85Sro.i5)o.95Mn03 (LSM) cathode. Yttria doped zirconia is added to the LSM 
cathode to improve oxygen ion conductivity and facilitate adhesion to the underlying 
electrolyte layer. Therefore the issue of reaction of both YSZ and LSM with the cathode 
current collector material is pertinent.
Interdiffusion of the B-site cations of LaBO] materials has been observed at high 
temperatures. Shaula et a i (2004) sintered mixtures of (Lao.gSro.Oo.gsGao.sMgo.zOB-a 
(LSGM) and LaosSrozFeosCoozO]  ^ (LSFC) at temperatures of 13000C-1400°C. XRD 
analysis of the LSGM-LSFC composite indicated formation of one single perovskite-type 
phase. The functional properties of lanthanum strontium manganite and lanthanum 
nickel ferrites are sensitive to small changes in composition and the movement of 
manganese, nickel and iron between LNF current collector and LSM cathode layers is 
likely to alter the conductivity properties of these layers.
The effect of calcining some commonly used perovskite oxide cathode materials with 
yttria-stabliised zirconia has been reported (Kostogloudis et a!., 2000), and reaction to 
form LazZrzO?, as well as diffusion of the B-site transition metal cations into YSZ, was 
shown to occur after annealing the powders at llOO^C for 120 hours. LazZrzO? is known 
to be an insulating phase. Doping the perovskite oxides at the A-site with calcium or 
strontium hindered the formation of LazZrzO?, however diffusion of these cations from 
the perovskite lattice to form insulating CaZrO] and SrZrO] was observed. In some cases 
the formation of monoclinic zirconia was detected, which was accounted for by the 
diffusion of yttrium into the A-site of the perovskite lattice (Kindermann eta!., 1996).
In the cases of materials containing Co and Fe at the B-sites CoFez0 4  was precipitated. 
The activity of these cations is increased when the perovskite is sub-stochiometric at the
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A-site, and so formation of LazZrzO? simultaneously enhances formation of CoFezO^  in 
which the cations possess a lower valence state.
Simmer et a i (2003) and Ralph et a i (2001) independently found that no La- or Sr- 
zirconate formation occurred upon calcining La(Sr)Fe0 3  (LSF) with YSZ at 1200°C- 
1400°C. However the process was demonstrated to have a detrimental effect on the 
electrical conductivity of the lanthanum ferrite. XRD analysis showed a significant shift in 
the LSF peak, and the decrease in conductivity was assumed to be due to incorporation 
of fixed valence Zr'*^  cations acting as blocking sites to the hopping process of the 
electron 'hole' charge carriers localised on the Fe cations.
To elucidate possible reactions of lanthanum nickel ferrites, LNF50 and LNF60, with LSM 
and YSZ at elevated temperatures (1000/1200/1400°C), reactivity studies were 
performed and the results analysed by x-ray diffraction (XRD), and combined scanning 
electron microscopy and energy dispersive x-ray spectroscopy (SEM-EDX).
8.4.2 Experimental
LaNio.6 Feo.4 O3 (LNF60), LaNio.5 Feo.5O3 (LNF50), and (Lao.6sSro.3 5)o.9oMn0 3  (LSM65) powders 
were supplied by Praxair, USA and Zro.92Yo.o80z-d (8YSZ) powder was supplied by Tosoh- 
Zirconia, Japan.
Each LNF powder was mixed thoroughly using an agate mortar and pestle with an equal 
mass of LSM65 or 8YSZ, using a few drops of acetone, and placed in alumina crucibles. 
The coupled powders were calcined for 8 hours at 1000°C, 1200°C and 1400^0, with a 
heating and cooling rate of 3°C min'\ and subsequently re-ground using the mortar and 
pestle.
LSM65 powders were uniaxiaily cold-pressed into 13 mm pellets at a pressure of 1000 
psi and sintered at 1250°C for 2 hrs. LNF inks, consisting of the respective powders, 
together with a solvent and dispersant, were applied to the pellets using a paintbrush. 
The prepared samples were sintered at 1200°C for 8 hours.
To identify possible new phases and interdiffusion of ions after calcining, XRD was 
performed on all powder samples using a Seifert X-Ray Diffractometer 3003TT with Cu 
k-alpha radiation (30mA/40 kV), theta-theta system. Scanning was carried out with a 
step-size of 0.020 ° and count-time of I s  in each step. For SEM/EDX analysis of the 
cross-section, the pellets were cut using a Struers Accutom-5, mounted in resin (Struers 
Caidofix), polished using Struers RotoPoli-11 and coated by sputtering with gold. A 
Topcon3000 electron microscope, in high vacuum mode, equipped for EDX spectroscopy 
was used to examine the cross-sectional network of the pellets.
8.4.3 Results and discussion
8.33.1 LNF-YSZ
LazZrzO? is seen to form after calcining both LNF compositions with 8YSZ at 1000°C for 
8 hours (Figure 8.10-Figure 8.11). At this temperature ail the peaks, at 22.5°, 32.5°, 
4 0 . 5 0  and 4 7 0  (20), corresponding to the perovskite structure of the lanthanum nickel 
ferrite are visible. Peaks at 36.0°, 37.5° and 43.5° (20), corresponding to NiO and 
FczOb, indicate partial decompositon of the perovskite-structured LNF materials. The
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greater iron content of LNF50, relative to LNF60, does not appear to increase the 
stability of the perovskite strucure with respect to reaction with zirconia.
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Figure 8.10 XRD patterns of LNF60 and 8YSZ Figure 8.11 XRD patterns of LNF5G and 8YSZ a. 
At room temperature, and calcined together at b. 1000, c. 1200 and d. 1400 "C for 8 hours
A redox reaction mechanism has been suggested for zirconate formation between LSM 
and YSZ, whereby the Mn^  ^ cation migrates into the YSZ particles and is reduced to 
Mn^  ^ (Mitterdorfer and Gauckler, 1998). Reduced nickel ions (Ni reducing from Np  ^ in 
LNF to Ni^ )^ may be formed by a similar mechanism with subsequent precipitation of 
NiO, due to the limited solubility of Ni in YSZ. Alternatively the precipitates may be 
formed as a result of Zr'*'^  cations entering the perovskite structure as has been observed 
upon reacting (Lao.8Sro.2)Fe0 3  (LSF) with YSZ at temperatures of 1000°C and above. If 
Zr"*^  ions enter the LNF perovskite it is likely that electroneutrality would be maintained 
by nickel precipitating out of the lattice, which is another route whereby the observed 
NiO could be produced.
8.33.2 LNF-LSM65
The XRD patterns of the mixed LSM65 and LNF powders are displayed in Figure 8.12- 
Figure 8.13. The main product of reaction at 1200°C and 1400°C appears to be a single 
perovskite material, as found by Knudsen et ai (2005) who identified the splitting of the 
peaks at 40° (20) as corresponding to the 202 and 006 indices of the hexagonal unit cell 
of La(Sr)(Ni,Fe,Mn)0].
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Figure 8.12 XRD patterns of LNF60 and LSM65 Figure 8.13 XRD patterns of
LNF50 and LSM65
a. At room temperature, and calcined together at b. 1000, c. 1200 and d. 1400 °C for 8 hours
However, the close proximity of the LSM and LNF peaks makes it impossible to draw 
accurate conclusions from XRD patterns. Therefore SEM-EDX was carried out on cross- 
sectional samples of LNF layers sintered at 1200°C upon pre-sintered LSM layers (Figure 
8.15-Figure 8.14). Line scans were generated to quantify the concentration (normalised 
atomic percentage) of the constituent elements across the layers and their Intersection. 
It is noted that the line scans should be interpreted with caution due to porosity in the 
samples and since the resolution of the source of x-rays from the sample is limited to a 
maximum of 1 pm, and furthermore because the interface is unlikely to be perfectly 
perpendicular to the surface. However it appears that manganese moves out of the LSM 
layers into both LNF60 and LNF50, a distance of ~10 pm, while diffusion of Ni and Fe 
into LSM is not apparent. A reduction in nickel concentration is observed in both LNF60 
and LNF50 layers In the region of manganese diffusion, which suggests nickel is 
displaced by manganese moving into the LNF perovskite.
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LNF60 LSM
0 -K=*
10 pm
Figure 8.14 Back-scattered SEM micrograph and EDX Line Scans across cross- 
section of LNF60 layer sintered at 1200°C upon sintered LSM pellet
LNF50 LSM
10 pm
Figure 8.15 Back-scattered SEM micrograph and EDX Line Scans across cross- 
section of LNF50 layer sintered at 1200*C upon sintered LSM pellet
As previously mentioned, reaction of (Lao.gSro.Oo.gsGaosMgo.zO]^  (LSGM) and 
Lao.8Sro.2 Feo.8Coo.2O3 4 ) (LSFC) at temperatures of 13000C-1400°C has been shown to 
result in formation of a single perovskite. However the average lattice parameters of the
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LSGM-LSFC composite, calculated from XRD analysis, were far from the level expected in 
the case of complete interdiffusion. The proximity of the calculated unit cell volume of 
the composite to that of the LSFC phase suggested the interaction in the sintering 
process occurred primarily via diffusion of the iron and cobalt cations into the LSGM 
grains. In the case of LNF sintered at 1200°C on LSM pellets, line scans of the B-site 
cations (Figure 8.15-Figure 8.14) suggest manganese is more mobile than iron and 
nickel cations. The sub-stoichiometry at the A-site of (Lao.65Sro.3s)o.95Mn03 may increase 
the activity of manganese on the B-site of the perovskite, as in the case of LSCF 
(Kostogloudis, 2001).
Elemental mapping of the sampies revealed the presence of nickel-rich regions within 
LNFGO and LNF50 layers. These areas of ~1 pm^  corresponded with areas of depleted 
lanthanum, suggesting some decomposition of the LNF perovskite has occurred to form 
nickel oxide, which appears to be as a result of manganese moving into the B-site.
a. b.
Figure 8.16 Back-scattered SEM micrographs and EDX elemental maps of a. 
LNF60 layer and b. LNF50 layer, sintered at 1200^0 upon sintered LSM pellets
8.5 Coefficient of Thermal Expansion Measurements
8.5.1 Experimental
LNFGO and LNF50 powders, and PdLSM and LSM-YSZ powders, which were obtained by 
heating the IP-SOFC CCC and cathode inks (Gwent Electronic Materials, UK), were 
uniaxiaily pressed into pellets, using a die of 8 mm diameter, at 3 mPa. These pellets 
were sintered at 1150°C for 12 hours. A Setaram Setsys Evolution lG/18 thermo­
mechanical analyzer was used to measure the thermal expansion between room 
temperature and 1000°C at a ramp rate of 5°C min'\ The average thermal expansion 
coefficients between 25°C and 1000°C were calculated by Equation 8.4
G4
a  =
Equation 8.4
where T, t and U represent temperature, time and the Initial sample length respectively, 
averaged between room temperature and 1000°C.
8.5.2 Results and Discussion
Thermal expansion curves of LNF50, LNF60 and the present IP-SOFC cathode (LSM-YSZ) 
and current collector (PdLSM), between 25°C and 1000°C, are shown in Figure 8.17
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Figure 8.17 Thermal Expansion Curves between 25°C and 1000°C
The measured GTE values, averaged between 25°C and 1000°C, of the LNF50, LNF60, 
PdLSM and cathode samples are displayed Table 8.2. The GTE values of the IP-SOFC 
tube and YSZ electrolyte are also displayed in Table 8.2. (It should be considered that 
the IP-SOFC CCC layer is sintered under the constraint of the underlying substrate so 
the relevant CTE values will vary slightly from those determined by the experimental 
procedure.)
Table 8.2 Average CTE values between 25°C and 1000°C
Measured CTE Value 
(10 ® K'l)
CTE mismatch 
with underlying 
substrate 
(10 ® K )^
MgAl2 0 4  tube 10.7
YSZ electrolyte 10.6
LSM-YSZ cathode 10.5
PdLSM 12.4 G.7-0.9
LNF50 12.3 O.G-0.8
LNFGO 12.7 1.0-1.2
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The CTE values of LNF are higher than those previously reported (Chiba et a!.^  1999) 
but previous work suggests some decomposition may occur by the sintering regime 
employed in that study. In another study (Zaj^c, 2007), CTE values for LaFeo.7 Nio.3O3 
and LaFeo.6 Nlo.4O3 were measured as 12.9 x 10 ® K'^  and 13.4 x 10'® K'^  respectively. 
However the results of both studies, and of this work, suggest introducing more nickel 
into the LaNixFei-xOs perovskite results In an Increase In thermal expansion of the lattice, 
such that the CTE mismatch with other IP-SOFC materials Is larger for LNF60 than for 
LNF50.
8.6 Summary
Both LNF50 and LNF60 show good stability at the CCC manufacturing temperature and 
at the IP-SOFC operating temperature over a period of 6 months. However both 
materials are reactive towards YSZ and LSM at elevated temperatures. This may 
compromise the potential of lanthanum nickel ferrites as current collector materials in 
contact with an LSM-YSZ cathode; however the contact between mixed powders of LNF 
and LSM/YSZ is much greater than in the situation of the IP-SOFC, in which an LNF layer 
is sintered upon the pre-sintered cathode.
Since the greater iron content of LNF50 relative to LNF60 does not appear to Increase 
the chemical stability with respect to reaction with other cell materials, the potential of 
these materials must be assessed on the basis of properties of electrical conductivity 
and thermal expansion behaviour. The required layer thicknesses of LNF60 and LNF50 
were calculated as 68 and 99 pm respectively, while the CTE values, averaged between 
2 5 0 c and 1000°C, were measured as 12.7 x 10 ® K'^  for LNF60 and 12.3 10 ® K'^  for 
LNF50. Assuming both compositions possess similar mechanical properties. Equation 5.9 
(section 5.6.3) implies that the advantage of the more compatible CTE value of LNF50 
compared with LNF60 is annulled by the increase in required layer thickness due to the 
lower conductivity of LNF50 compared with LNF60.
Table 8.3 summarises the findings of the investigation of the potential of LNF60 and 
LNF50 for application as the IP-SOFC cathode current collector.
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Table 8.3 Comparison of properties of LNF60 and LNF50 for application in IP-
SOFC
LNF60 LNF50
Bulk Conductivity (S cm‘ )^ 556 378
Required Layer thickness 
(pm)
68 99
CTE nO  ®K' )^ 12.7 12.3
Stability Stable at SOFC 
manufacturing and 
operating temperatures
Stable at SOFC 
manufacturing and 
operating temperatures
Reactivity 
with Cell 
Materials 
at 120QOC
YSZ XRD shows LazZrzO? 
formation at T=1000°C
XRD shows LazZrzO? 
formation at T=1000°C
LSM EDX shows diffusion of Mn 
at T=1200°C resulting In 
formation of nickel oxide
EDX shows diffusion of Mn 
at T=1200°C resulting in 
formation of nickel oxide
Since LNF50 does not offer advantages of chemical stability over LNF60 at the IP-SOFC 
manufacturing and operating temperatures, and the potential benefit of increased 
mechanical stability afforded by the more compatible CTE value is negated by the lower 
electrical conductivity of LNF50 compared with LNFGO, resulting in an increase in the 
required layer thickness to meet the conductance target, it was decided that further 
investigation would concentrate on LNFGO as a potential CCC In the IP-SOFC.
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9 APPLICATION AND PERFORMANCE OF LaNio.6Feo.4O3 LAYERS
9.1 Introduction
Performance of the IP-SOFC layers is obviously determined by the intrinsic material 
properties, but is also largely influenced by factors of layer thickness, microstructure, 
porosity and defects, which are in turn affected by processing methods.
Conductivity considerations indicate that a CCC layer of ~70 pm Is required If LNF is the 
material of choice. As production scales up It is Important that layer application is cost 
effective and rapid and that the sintered layers are reproducible and free from defects to 
avoid loss of performance. This chapter presents the results of an investigation of the 
electrical conductivity of LaNio.5 Feo.4 O3 (LNF) layers, applied by screen-printing and 
stencil-printing methods. Layers were fabricated upon cathode layers, by screen-printing 
up to 4 prints with intermediate drying, or by stencil-printing the Inks to create a thick 
layer in one print application. Additionally, the details and results of collaborative work 
with Gwent Electronic Materials Ltd. (Gwent, UK), to develop an optimised LNF stencil- 
printing ink for printing thick, defect-free layers, are described.
9.2 Layer Processing
9.2.1 Print Methods
As previously mentioned in section 5.6, the IP-SOFC active layers are applied by screen- 
printing ceramic (or cermet) Inks onto a porous substrate, drying the wet layers and 
sintering the green layers at temperatures in the range 1100°C-1450°C. In screen- 
printing, the ink is applied by squeegees through a stainless steel wire-meshed screen, 
which defines the required pattern and approximate thickness, onto the porous 
substrate. The screen mesh meters the amount of ink deposited and the thickness of 
the fuel cell layers Is therefore principally determined by the properties of the mesh 
which include the mesh opening size and the number, and diameter, of wires. Typical 
sintered thicknesses of layers applied by single screen-prints are in the range of 5-25 
pm, however a number of prints can be applied in the green state, with intermediate 
drying, to increase layer thickness.
Stencll-prlnting Is another method of applying wet layers onto a flat substrate. In stencil- 
printing a stainless steel stencil is placed In direct contact with the substrate. A pattern 
is defined by an entirely open area of the stencil. Metal blades are used to apply ink to 
the underlying substrate through the opening In the stencil. As such the thickness of the 
stencil determines the thickness of the applied green layer, and thicker layers can be 
applied (~50-100 pm sintered thickness) by one print application compared with 
deposition by screen-printing. Such a method is compatible with the manufacturing 
process of the IP-SOFC as stencil screens and blades can be used interchangeably with 
mesh screens and squeegees within the same printers.
Both screen-printing and stencil-printing inks are typically composed of a material in 
powder form, together with solvent and processing reagents. The role of the different 
additives is to produce the required particle dispersion and rheology for successful 
application of layers that, when sintered, are free from defects and of the desired 
thickness and morphology. In addition to the solvent which wets the ceramic particles
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and provide the viscous medium, examples of additives are binders which provide green 
strength, suspension aids which reduce settling of particles and surface active agents 
(surfactants). Although most of these additives are present in small amounts and are 
eliminated during later processing stages, careful selection can avoid defects being 
introduced into the layers during the printing, drying and sintering processes (Reed, 
1995). Such defects may lead to destructive mechanical failure of the layer, which would 
severely diminish the functional properties.
9.2.2 Printing Defects
In screen-printing a smooth print is achieved when the ink has sufficiently low viscosity 
to "slump" such that the islands of ink, deposited through the mesh, combine to form a 
continuous layer; when this "slump" does not occur, a regular pattern in the print is 
observed, corresponding to the pattern of the mesh. The gap between the screen and 
substrate is also critical as an incomplete print may result from a print gap that is too 
large while too small a gap may result in the wires of the mesh sticking to the print. 
Foreign particles may also be introduced into the green layer at the printing stage.
Table 9.1 lists some types and root causes of defects which are commonly observed in 
dried printed layers.
Table 9.1. Common defects in printed thîck-fîlms (adapted from Reed, 1995)
Defect Type Cause
Mesh marks Ink too viscous
Voids/Plnholes/Craters Trapped air or gas, or contaminant on substrate
Bernard Cells Circulatory flow within coating caused by variations 
in surface tension, temperature or density as 
solvent evaporates
Orange Peel Localised variation in surface tension across coating
Picture Framing Surface tension gradient due to faster evaporation 
and particle migration near edge
Non-levelling Surface tension gradients caused by differing 
evaporation rates of components
Crawling Surface tension of coating too high
9.2.3 Drvinc Defects
Drying involves the transport of heat to the liquid in the film and transport of evaporated 
liquid into the surrounding atmosphere, by liquid or vapour transport, through pores to 
the surface. As the liquid between the particles is removed, shrinkage occurs through 
decrease of the inter-particle separation. The shrinkage is thus related to the inter­
particle separation length and the number of inter-particle liquid films per unit length. As 
such it can be reduced by forming the ink or paste at a lower liquid content (higher 
solids loading) and by increasing the mean particle size.
Surface cracks may form during drying when the material near the surface becomes 
brittle and differential shrinkage creates a stress that exceeds the tensile strength of the 
green body. Other sources of defects during drying include the migration of colloids to 
the surface producing a skin with different properties to the bulk film, and Internal gas 
pressure caused by a high rate of volatilization of liquids and/or insufficient permeability 
of the pores.
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9.2.4 Thermolysis fQraanîc Burnout) Defects
Decomposition of the organic additives that are not removed by drying commoniy occurs 
before the sintering process begins. Organic burnout behaviour is dependent on a 
number of factors including the composition of the organic material, furnace 
atmosphere, microstructure of the binder and powder. Defects that may be introduced 
as these organic additives are removed from the layer include deformation, distortion, 
crack formation and expanded pores (Reed, 1995).
9.3 Experimental
9.3.1 Preparation of Test Samples
LNF60 powder was milled for 24 h with KD-1 dispersant using zirconia milling media. 
The milling media was removed and Blythe binder, a commercially available processing 
'vehicle' (Johnson-Matthey, UK), was added. The acetone was removed at room 
temperature while the mixture was magnetically stirred until no further weight change 
occurred. The solids loading of the ink was measured by a thermal gravimetric analyzer 
(Setsys Evolution 16/18, Setaram, France) as 70 wt.%.
The ink was then screen-printed and stencil-printed upon pre-sintered LSM-YSZ cathode 
layers on commercially available 3YSZ tiles (Kerafol, Germany). For screen-printing, the 
thickest commercially available screen mesh (MCI-Cambrldge, UK), which comprises 31 
wires (of 0.1 mm diameter) per cm was used, and layers were formed of 1, 2, 3 and 4 
such prints with intermediate drying (at 120°C for 20 min). A 250 pm thick stainless 
steel stencil was used for single applications by stencll-prlnting. The dried layers were 
heated at a rate of 2°C min'^  to 500°C to allow burnout of the binder, and subsequently 
sintered at 11250C for 1 hour by heating at 3°C mln'\
9.3.2 Lateral Conductivity Measurements
Test pieces were supported by 4 equidistant spring-loaded platinum electrodes within an 
alumina tube and conductivity was measured by Van der Pauw's technique (Appendix 
A), by applying a fixed current between each electrode couple and measuring the 
voltage drop between the opposite electrode couple over a temperature range of 950°C 
to 750°C, in air.
9.4 Results and Discussion
Table 9.2 shows the thicknesses and lateral conductance of the sintered LNF60 layers 
and PdLSM layers resulting from the different print methods. The variation of lateral 
conductance with layer height, for samples with an area of ~1 cm^  samples, is displayed 
in Figure 9.1. As expected, the conductance of LNF layers increases monotonically as the 
layer thickness is increased.
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Table 9.2 Measured conductance of samples and corresponding conductivity
based on layer heigiht.
CCC Material Application Method
CCC Layer 
thickness
(pm)
Mean lateral 
Conductance 
at 900 °C (S)
Mean lateral 
conductivity 
(S cm' )^
LNF
1 X screen-print 29 0.9 311
2 X screen-print 58 1.4 243
3 X screen-print 81 1.9 245
4 X screen-print 113 3.0 263
LNF 1 X stencll-print 94 2.9 303
PdLSM 1 X screen-print 9 4.4 5060
4.S-
13
Target15
L3-
LO-
Layer IhicknoM (pm) 114 1 itand-prirteiLNF
Figure 9.1 Variation of laterai conductance of LNF layers, with layer height 
compared with standard PdLSM
From the scanning electron microscopy (SEM) micrographs, it was estimated that a layer 
of ~35 % porosity is formed by the manufacturing methods (Figure 9.2). The 
conductivities of the printed layers (Table 9.2) are significantly less than expected based 
on the conductivity measurements presented in section 8.2, and as seen in Figure 9.1, a 
much thicker layer than estimated (70 pm) is required to meet the conductance target
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of 2.5 S. It should be noted, however that LNF layers of up to 114 pm adhered well to 
the underlying LSM-YSZ layer, and did not result in debonding from the 3YSZ substrate.
LNF
Current
Collector
LSM YSZ 
Cathode
YSZ '
15 pm 3 pm
Figure 9.2 SEM micrograph of interface of LNF and LSM-YSZ cathode layers
Mesh marking occurred in all screen-printed LNF layers as seen in Figure 9.3 b-c. Holes 
were also formed in some printed samples (Figure 9.3 a-c) through contact of the mesh 
wires with the print substrate as the printed sample peeled away from the screen.
1 cm 1 mm 500 pm
Figure 9.3 a-c. Mesh marking and holes seen in sintered layers caused by
imperfect printing
An ink of lower solids loading (65 wt.%) was manufactured and screen-printed by the 
same method. Decreasing the solids loading of the ink reduced the viscosity and so 
"slump" occurred more readily, however mesh marking was still observed and, 
furthermore, decreasing the solids loading of the ink also decreased the thickness of the 
sintered layer from 29 pm to 24 pm. Even with inks of the higher solids loading at least 
3 layer applications with intermediate drying were required to obtain the desired 
thickness (70 pm) of an LNF current collector layer on IP-SOFC tubes.
A photographic image of stencil-printed layers is shown in Figure 9.4. Numerous pin­
holes and surface cracks, which were visible after drying, can be seen on the surface of 
the layers, as well as picture framing and crawling at the edges (Table 9.1). Drying of 
such thick wet layers in one step is problematic as the surface of the layer forms a film 
in which holes and cracks are created by the escape of underlying liquid.
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1 cm
Figure 9.4 Sintered LNF layers applied by stencil-printing ink D3-JM-00
It is likely that holes and cracks will lead to further mechanical degradation through 
subsequent stages of manufacture and operation, and layers of uniform thickness and 
with well-defined edges are desirable. Although 1 cm^  samples of reasonable print 
quality could be obtained for measuring by Van der Pauw's method, it is clear that the 
print quality needs to be significantly improved for the purpose of printing on full IP- 
SOFC tubes.
9.5 Optimisation of Stencii-Printing Method^
9.5.1 Introduction
Many defects introduced during printing, drying and firing of ceramic layers result from 
high surface tension and/or variations in surface tension across the coating (Table 9.1). 
Since the molecules in the body of a liquid are equally attracted in all directions by 
neighbouring molecules, the molecules at the surface of a liquid are subject to a residual 
inward attraction. This is associated with a surface tension- a force that acts parallel to 
the surface of a liquid to reduce that surface to a minimum. The surface tension of the 
ink/paste has a large influence on the occurrence of defects in the printed layer and 
surfactants can play a key role in eliminating such flaws.
Two strategies were used in an effort to overcome the major problems observed in 
sintered LNF layers applied by stencil-printing. The first was to use a powder with a 
wider particle size distribution to reduce shrinkage during sintering; the second was to 
add a surfactant to reduce the surface tension of the inks. All inks were manufactured at 
Gwent Electronic Materials Ltd (Gwent, UK).
9.5.2 Surfactant Chemistry and Classification
A surfactant is a soluble substance that contains both a polar and non-polar group; the 
polar group attracts polar liquid molecules and is thus termed hydrophilic, while the non­
polar group is hydrophobic or lipophilliic ('oil-loving'). These additives have weaker
This work was carried out in conjunction with Gwent Electronic Materials Ltd., Gwent, Wales.
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intermolecular attractive forces than the solvent within the ink and therefore are 
preferentially adsorbed at the Ink surface or interface, thereby reducing the surface or 
interfacial tension and promoting wetting and dispersion.
The hydrophobic (lipohillic) part comprises a collection of hydrocarbon groups; the 
hydrophilic portion comprises a solubilising group such as e.g. sulphate, sulphonate or 
ethoxylate. All surfactants are assigned a number between 1 and 20 which defines the 
hypdrophillc/lipophilic nature of the molecule. The higher the hydrohilic-lipophillic 
balance (HLB) value, the more lipophillic is the surfactant.
Surfactants fall into four categories, anionic, cationic, non-ionic and zwitterionic, 
depending on the distribution of electrical charge on the molecule. In anionic surfactants 
the hydophobic part carries a residual negative charge while in cationic molecules the 
hydrophobic portion carries a residual positive charge. Nonionic surfactants are those In 
which the polar group has no charge and zwitterionic surfactants have both positively 
and negatively charged groups. Ionic surfactants are generally used to improve wetting 
and dispersion and prevent agglomeration by absorbing to the particle surface. 
Surfactants are not inert, particularly those including amine and ester groups, so careful 
selection is necessary to avoid reaction with other components of the dispersion unit.
9.5.3 Experimental
As the intended purpose of the surfactant in the LNF ink was to lower the surface 
tension of the printed film, and not to aid dispersion or prevent agglomeration, it was 
decided not to use an ionic surfactant to avoid introduction of charged species. Non­
ionic acid-based surfactants were trialled. Span 20- sorbitan monolaurate and Tween 80- 
poly oxyethylene monooleate (Figure 9.5-Figure 9.6). These surfactants possess HLB 
values which represent both ends of the HLB scale with respective values of 8.6 and 15, 
and were chosen to identify whether a hydrophilic or lipophilic surfactant would be more 
effective in reducing the surface tension of the ink.
HŒ
OHFigure 9.5 Molecular Unit of Span 20 (Sorbitan monolaurate)
Figure 9.6 Molecular Unit of Tween 80 (Polyethylene glycol sorbitan
monooleate)
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These two surfactants were added to separate batch recipes of standard LNF powder 
and GEM binder system. A further batch was manufactured with the more promising 
Span 20 surfactant and an LNF powder with a wider particle size distribution, described 
by a measure of the maximum diameter of the smallest 10%, 50% and 95% of particles 
in the sample (dlO, d50 and d95 respectively). Details of the powders (as supplied by 
the manufacturer (Praxair, USA)) and surfactants contained within the in li are displayed 
in Table 9.3. These inks, and a control sample which contained no surfactant, were 
stencil-printed, dried and sintered following the same method as outlined in section 9.3.
Table 9.3 Details of powders and surfactants contained within stencil-printing
inks
Ink Code Powder 
surface area
(mVg)
Powder particle size distribution Ink
vehicle/SurfactantdlO (pm) d50 (pm) d95 (pm)
D3-GEM-00 6.83 0.4 0.5 1.0 GEM/None
D3-GEM-01 6.83 0.4 0.5 1.0 GEM/Span 20
D3-GEM-02 6.83 0.4 0.5 1.0 GEM/Tween 80
D4-GEM-01 2.80 0.8 1.2 23.6 GEM/Span 20
9.5.4 Results and Discussion
The LNF layers manufactured from batch D3-GEM-00, using standard LNF powder with 
GEM binder system, were all seen to de-bond (de-wet) from the LSM-YSZ substrate 
layer (Figure 9.7). As detailed in Table 9.1, this suggests that the surface tension of the 
ink is too high.
Figure 9.7 Sintered LNF layers applied by stencil-printing ink D3-GM-00
Table 9.4 details the defects observed in stencil-printed, sintered layers for all ink 
batches that were trialled. Both problem-solving strategies, of using a powder with a 
wider particle size distribution to reduce shrinkage during removal of the organic 
additives, and adding a surfactant to reduce the surface tension of the inks, resulted in a 
large reduction in defects.
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Table 9.4 Results of stencil-printing trials of various inks
Ink Code Powder PSD Defects in Layers
Powder
PSD
Ink
vehicle
Surfactant
D3-GEM-00 Narrow GEM None Cracks, de-wetting
D3-GEM-01 Narrow GEM Span 20 Tears, cracks, orange peei, 
picture framing
D3-GEM-02 Narrow GEM Tween 80 Tears, picture-framing, de­
wetting
D4-GEM-01 Wide GEM Span 20 Orange-peel, pin-holes
Figure 9.8 shows the sintered layers formed from stencil-printed ink containing LNF 
powder of the narrower PSD, and using Tween 80 surfactant (HLB=15.0), in which de­
wetting from the substrate and tears are apparent.
Figure 9.8 Sintered LNF iayers appiied by stencii-printing ink D3-GEM-02
Figure 9.9-Figure 9.10 shows the sintered layers formed from stencii-printing inks D3- 
GEM 01 and D4-GEM-01, containing Span 20 surfactant (HLB=8.6) and LNF powder of 
the narrower and wider PSD respectively.
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Figure 9.9 Sintered LNF iayers appiied by stencii-printing ink D3-GEM-01
Figure 9.10 Sintered LNF iayers appiied by stencii-printing ink D4-GEM-01
The ink containing LNF powder of a wider particle size distribution and Span 20 
surfactant resulted in stencil-printed, sintered LNF layers with the least number of 
defects (Figure 9.10). The mean layer thickness of these layers was measured to be 103 
pm, and the conductance values of 2 samples were measured as 2.8 S and 2.9 S (Figure 
9.11), equivalent to a layer conductivity of 272-282 S cm'\ which is in the same range 
as screen-printed layers (Table 9.2).
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Figure 9.11 Comparison of thickness and laterai conductance of stencii- 
printed and screen-printed LNF iayers
The lesser occurrence of cracks in D4-GEM-01, as compared with D3-GEM-01, is 
believed to be as a result of the reduced shrinkage of the particles within the system as 
the solvent is removed. The powder with the wider particle distribution and higher mean 
particle size should result in a decreased number of inter-particle liquid films per unit 
length, and a reduction in the inter-particle separation length. Nonetheless, pinholes 
were still observed as shown in Figure 9.10, and SEM analysis of the layer surfaces and 
cross-sections revealed a high level of defects and cracks were present throughout the 
layers (Figure 9.12).
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Figure 9.12 SEM micrographs of a-b. LNF layer cross-sections and c-d. LNF
layer surfaces
9.6 Summary
Production of LNF layers of the required thickness to meet the conductance target by 
screen-printing requires long time periods as multiple prints need to be applied with 
intermediate drying. Formation of holes and cracks, through contact of the screen mesh 
with the printed layers, which are believed to result in reduction in layer conductivity of 
the sintered layers.
Stencii-printing may be a more favourable application method as a layer of the required 
thickness can be applied with one print; however more defects are likely to be 
introduced in the removal of organic additives from a wet layer of such thickness in one 
step. It has been found that increasing the particle size range and mean particle size of 
the constituent LNF powder, and addition of a hydrophilic surface active agent to lower 
the surface tension of the ink has been effective in reducing the number of defects, and 
it was found that the conductance of a stencil-printed layer with a sintered thickness of 
103 pm exceeded the target of 2.5 S. However there remains much scope for further 
reduction in the number of defects introduced during layer manufacture, and hence 
optimization of layer conductivity, through optimization of the mean particle size and 
particle size distribution of the LNF powder, of the type of surface active agent, and of 
the organic additives within the ink vehicle which was outside of the scope of this study.
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10 CHEMICAL COMPATIBILITY OF LANTHANUM NICKEL FERRITE CURRENT 
COLLECTOR WITH LANTHANUM STRONTIUM MANGANITE:YTTRIA- 
STABILISED ZIRCONIA CATHODE
10.1 Introduction
It has been found by powder x-ray diffraction that lanthanum nickel ferrite reacts with 
yttria-stabilised zirconia to form lanthanum zirconate at the IP-SOFC manufacturing 
temperature, and that manganese diffusion occurs from lanthanum strontium 
managanite into LNF iayers (Section 8.4). The reactivity of LNF may therefore 
compromise use of this material as a cathode current collector in the IP-SOFC which 
employs a lanthanum strontium manganite-zirconia composite cathode. LagZrzO? is 
known to be an insulating phase, while interdiffusion of manganese, iron and nickel 
cations between an LNF CCC and LSM cathode will alter the properties of these 
functional layers.
This chapter presents an investigation of the interaction of lanthanum nickel ferrite with 
cathode layers of composition ianthanum strontium manganite ((Lao.85Sro.i5)o.9oMn03)-3 
mol% yttria-stabilised zirconia (50:50 wt.%), by electrochemical impedance 
spectroscopy and combined scanning electron microscopy-energy dispersive 
spectroscopy (SEM-EDX) over periods of up to 6 months.
10.2 Experimental
10.2.1 Sample Preparation
Commercialiy available dense 3 mol% YSZ tiles, approximately 200 pm thick, (Kerafol, 
Germany) were screen-printed, on both sides, with a composite cathode layer of 
(Lao.8sSro.i5 )o.9oMn0 3  and 3 mol% YSZ (LSM-YSZ) manufactured as a printing-ink (Gwent 
Electronic Materials, UK). The printed layers were dried at 120°C to evaporate the ink 
solvent and the green layers were subsequently sintered in air at 1100°C for 1 hour. A 
layer of current collection material was then screen-printed onto each of the tiles and 
sintered at 1125°C for 1 hour by the same method. Smali square test pieces of 
approximately 0.5-1 cm^  area were cut from the prepared tiles shown In Figure 10.1.
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Figure 10.1 Symmetrical Cathode Sampies
10.2.2 Electrochemical Impedance Spectroscopy
Electrochemical Impedance Spectroscopy (EIS) was carried out using a Solartron 1260 
frequency response analyzer. The samples were supported in a two-electrode rig, with a 
platinum contact on either side of the half-cell, inserted into a tube furnace and 
measured over a temperature range of 950°C to 700°C at 50°C intervals. Each 
measurement covered a frequency sweep of 10' -^10  ^ Hz and at each temperature a 
measurement was taken with an applied amplitude of 50 mV. The resulting spectra were 
fitted to an equivalent circuit model (Figure 10.2) and the area-specific polarisation 
resistance, ASRp, was measured as (Rpl+Rp2)»(half-cell surface area). For all samples, 
log (ASRp) values plotted against 1000/T in the temperature range 750-950°C produced 
straight lines from which the activation energy was determined by Equation 10.1.
Figure 10.2 Equivalent circuit model used to fit impedance spectra. L I and Rs 
represent the inductance and series resistance, while R p l and Rp2 account 
for the polarisation resistance. Constant phase elements (CPE) account for 
the non-ideal behaviour of the double layer at the cathode-eiectroiyte
interface.
<T =
. Ia_
K„T
Equation 10.1
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A similar sample was held at 900°C and analysed by the same EIS method at 24 hour 
intervals over a period of 1514 hours (~2 months). Further samples were thermally 
aged at 950°C in a separate tube furnace and examined by EIS after periods of 3, 4 and 
6 months.
10.2.3 Analysis of microstructure and compositional chemistrv of lavers 
Sample cross-sections were mounted in resin, polished and sputtered with gold. A 
Topcon3000 scanning electron microscope, in high vacuum mode, equipped with an 
energy dispersive spectrometer was used to examine the samples.
10.3 Results and Discussion
10.3.1 Initial Results
Contrary to indications of the bulk sample XRD studies (section 8.4), EDX analysis did 
not suggest formation of lanthanum zirconate at the interface of the LSM-YSZ and LNF 
layers (Figure 10.3 a). This is most likely because the contact area of the LNF and YSZ 
phases in the IP-SOFC CCC-cathode layer configuration is much smaller than in the case 
of mixed powders. Rather, elemental line scans indicated inter-diffusion of manganese 
and nickel between the LSM-YSZ and LNF layers (Figure 10.3 b). As mentioned 
previously, due to the porosity of the sample and because the resolution of the source 
of x-rays from the sample is limited to ~1 pm, and also because it is unlikely that the 
interface is perfectly perpendicular to the surface, it is noted that the line scans should 
be interpreted with caution. However the detected inter-diffusion of manganese and 
nickel between the cathode and LNF CCC layers, a distance of ~8 pm, is considered to 
be significant. The movement of manganese from (Lao.65Sro.35)o.95Mn03 into LNF was 
observed in section 8.4.
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Figure 10.3 Back-scattered SEM micrograph and corresponding elementai iine 
scans of, a) La and Zr, and b) Ni, Fe and Mn, across LNF CCC and LSM-YSZ
cathode interface.
Table 10.1 displays the area specific polarisation resistances (ASRp) at 900°C, and 
activation energy, of a LSM-YSZ composite cathode with a thick (80 pm) LNF current 
collector layer. This is compared with a similar cathode sample with a palladium-LSM 
cermet current collector layer of 7 pm. Standard deviations were determined for groups 
of 3 samples.
Tabie 10.1 Layer thicknesses and mean ASRp vaiues for symmetricai ceiis
Current Collector 
Material
Current Collector Layer 
thickness 
(pm)
Mean ASRp at 
900 °C 
(Q cm^ )
Mean Activation 
Energy (eV)
LNF 80 0.04760.004 1.060.2
Pd cermet 7 0.05260.001 1.560.1
No significant difference in ASRp was observed when an LNF layer was substituted for 
the Pd cermet current collector. The activation energy of cathode ASRp was lower for 
those samples with LNF current collector than with a Pd cermet current collector. The 
results indicate that a lanthanum nickel ferrite current collecting layer may affect the 
mechanism of the electrode reaction, but suggests that even an LNF layer of 80 pm 
does not cause an increase in the polarization resistance, relative to a sample with a thin 
Pd cermet layer, in the short-term.
10.3.2 Durability testing
Figure 10.4 displays the cathode ASRp, of a sample with an approximately 80 pm thick 
LNF current collector over time. Results of a similar analysis, of the same cathode 
without current collector, are shown in the same graph.
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Figure 10.4. Percentage increase in cathode ASRp over time with LNF current 
collector layer and without current collector.
The cathode ASRp with LNF current collector increased 45 % over 1514 hours, from 
0.044 ohm cm^  to 0.064 ohm cm^ . The cathode ASRp of a sample without current 
collector was initially measured to be 0.062 ohm cm^ . After 24 hours it dropped to 0.048 
ohm cm^ , which is probably a consequence of an enhanced contact between the sample 
and the platinum of the measurement probe. Following this, the degradation of ASRp of 
this sample over time followed a similar trend to the sample with LNF current collector. 
This indicates LNF does not adversely affect the cathode performance on this timescale. 
In fact, a lower degradation rate was observed for the sample with LNF current 
collector. Since LNF is known to be a mixed ionic-electronic conductor, the overall 
volume of triple phase boundaries may be increased by LNF acting as an electrode. Also, 
manganese diffusion from LSM into LNF, as detected by EDX (Figure 10.3b), may 
increase the effective cathode thickness and contribute to the lower rate of ASRp 
degradation when an LNF current collector is applied.
The series resistance of the sample without current collector was seen to decrease by 
41%, while the series resistance of the sample with LNF current collector increased by 
28% over the same period. The degradation in conductivity must be accounted for by 
changes in the LNF current collector or the interface between LNF and cathode layers. 
Elemental mapping identified Ni-rich particles in the LNF current collector, which 
indicates partial decomposition of LNF perovskite phase has occurred to form nickel 
oxide, as was observed previously in LNF layers sintered upon LSM pellets at 1200°C for
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8 hours (Section 8.4). Such decomposition would likely result in a reduction in electrical 
conductivity of the current collector layer.
LSM-
YSZ
Figure 10.5 SEM micrograph and EDX mapping of nickel across LNF and LSM-
YSZ layers
An SEM micrograph at low magnification, of the symmetrical cathode sample with LNF 
current collector after testing for 1514 hours at 900°C is shown in Figure 10.6. The 
interface between the cathode and current collecting layers is distinguishable but an 
intermediate region in the current collector is detected immediately adjacent to the 
cathode.
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200 pm
Figure 10.6 SEM micrograph of symmetrical cathode sample with LNF current 
collector after testing over 1514 h at 900°C. A change in microstructure is 
detected in the current collector region adjacent to the cathode (indicated by
arrows).
A higher magnification was used to investigate this region more closely which revealed a 
differential in porosity across the LNF current collector (Figure 10.7). Elemental line 
scans indicated that manganese had diffused further into the LNF layer, up to a distance 
of ~17 pm. The line scan also showed more nickel had diffused further into the LSM- 
YSZ cathode layer. The lower degradation rate of the cathode polarization resistance 
relative to the sample without current collector may therefore be due to an effective 
increase in the cathode area by the interdiffusion of Mn and Ni between the LNF and 
LSM.
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Figure 10.7 BSEM micrograph and EDX line scans across LNF and cathode 
interface after testing over 1514 hours at 900°C
The effect of the chemical interaction of the cathode and LNF layers over longer periods 
was investigated by measuring the cathode polarization of similar samples that were 
aged at 950°C for periods of 3, 4 and 6 months. Figure 10.8 a shows the percentage 
increase in cathode polarization resistance determined by EIS at 900°C after thermal 
ageing. It should be noted that the samples aged for different periods were discrete. 
The determined ASRp values varied widely for the three samples that were thermally 
aged for 6 months at 950°C, however even the lowest determined ASRp value 
represents a very large increase compared with the extrapolated value from the data 
obtained over 1514 hours at 900°C, and indicates that the higher temperature or longer 
ageing period has resulted in a detrimental change in sample microstructure or 
chemistry.
Figure 10.8b shows the separation of the area-specific polarization resistances that were 
measured from the arcs produced at high and low frequencies (ASRpl and ASRp2, 
respectively). The contribution from the low frequency arc (fmax~10 Hz), commonly 
attributed to the diffusion resistance, is low for all samples aged up to periods of 4 
months. The ASRp2 value measured at low frequency for the sample aged for 6 months 
shows a large increase, as seen in Figure 10.9, and suggests that a change in 
microstructure or composition occurs between 4 and 6 months of thermal aging at 
950°C, which results in a higher resistance of oxygen diffusing to the active sites of the 
cathode.
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Figure 10.8 Increase in cathode ASRp after thermal ageing at 950°C for 3-6 
months compared with continuous measurement at 900*’C: a. percentage 
increase of total ASRp; b. ASRp contributions measured at low and high
frequencies
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Figure 10.9 Impedance spectra at 900°C of thermally treated samples 
compared with untreated sample (corrected for series resistance)
SEM micrographs of the samples that were thermally aged at 950°C (Figure 10.10) show 
the previously observed change in microstructure in the LNF layer adjacent to the 
cathode. A region of ~1 pm thickness of higher density is observed at the edge of this 
region. The edge of the reaction zone becomes progressively denser in samples 
subjected to increasing periods of thermal aging. It is probable that it is the cause of the 
high resistance measured at low frequency by eventually creating a gas diffusion barrier 
to the cathode, as an exponential increase in the diffusion resistance with decreasing 
CCC layer pore size is predicted below a critical pore diameter (section 5.6).
15 pm
Figure 10.10 SEM micrographs of samples measured by EIS after aging at 
950°C for a) 3, b) 4 and c) 6 months
Figure 10.11 compares line scans of Ni, Fe and Mn across LNF and cathode layers of 
samples after testing at 900°C for 2 months (1514 hours) and after 6 months (4464 
hours) of thermal ageing at 950°C. The scans indicate that manganese diffusion into 
LNF is impeded in the sample which is aged at higher temperature. A peak in 
manganese concentration and depletion of iron concentration are observed at this 
diffusion limit, which corresponds with the 'dense' barrier within the LNF layer. Peaks in 
nickel concentration were observed in the LNF region adjacent to the reaction zone, 
indicating presence of nickel oxide particles.
89
2 months at 900®C 
— 6 months at 950®C
5 pm
Figure 10.11 EDX line scans across LNF and LSM-YSZ layers after thermal 
ageing at 950°C for 6 months/ 4464 hours (solid lines) compared with 
sample continually tested at 900<’C for 1514 hours (dashed lines)
It can be seen from Figure 10.8b that the ASRpl values of the thermally aged samples 
measured at high frequency (fmax~l kHz) are also larger than might be expected from 
the continuous test (although the sample ageing temperature was SO^ C higher) and 
increases steadily over 3-6 months. The series resistance did not vary significantly 
between samples of different thermal ageing periods, and scanning electron 
micrographs (Figure 10.10) did not reveal any significant changes in the microstructure 
of the cathode (although it may be that changes were not observable). Rather, the 
degradation may be due to disruption of the electron transport ability by a change in the 
average Mn oxidation state caused by further nickel substitution for manganese in LSM, 
reducing the number of Mn^ /^Mn'*^  ion pairs (Kuharuangrong, 2004).
10.4 Conclusions
The compatibility of an LNF current collecting layer with an LSM-YSZ cathode at IP-SOFC 
operating temperatures has been investigated over periods of up to 6 months.
Scanning electron microscopy and energy dispersive spectroscopy indicate that no 
detectable quantity of lanthanum zirconate is formed when LNF is sintered upon a pre­
sintered LSM-YSZ layer, at 1125°C for 1 hour, and AC impedance measurements 
indicate that LNF current collecting layers have no adverse effect on ASRp of LSM-YSZ 
cathodes in the short-term.
No zirconate formation was seen to occur after thermal ageing for up to 6 months 
although EDX revealed migration of nickel ions from LNF into the cathode layer. 
Moreover, an intermediate layer of finer porosity was seen to form between the cathode 
and LNF current collecting layers as a consequence of manganese diffusing from the 
cathode into the LNF phase. Electron microscopy revealed progressive densification at 
the edge of this reaction zone over 3-6 months of thermal ageing. EDX indicated that
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more manganese was present at this edge relative to the reaction zone, corresponding 
with depletion in iron content. It is hypothesised that this 'dense' layer creates a 
diffusion barrier that prevents air from reaching the cathode.
Thus it is concluded that the reactivity of LaNio.6 Feo.4O3 with LSM at high temperature 
over time, by interdffusion of the B-cations of the ABO3 lattices, limits the potential to 
use an LNF current collecting layer in conjunction with an LSM-YSZ cathode in the IP- 
SOFC design.
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11 EFFECT OF A-SITE DEFICIENCY AND STRONTIUM CONTENT ON 
REACTIVITY OF (LaxSWyMnOgWITH La1-xNio.6 Feo.4 O3
11.1 Introduction
Interdiffusion of nickel and manganese cations has been shown to occur between 
(Lao.8sSro.i5)o.9oMn0 3 -based cathode and LaNio.6 Feo.4O3 current collector layers at IP-SOFC 
manufacturing and operating temperatures (Section 10.3). The manganese migration is 
thought to effect a densification of the microstructure of the LNF current collector at 
high temperature over time. This is believed to be principally responsible for a sudden 
increase in cathode polarization resistance after thermal ageing at 950°C for 6  months 
by creating a diffusion resistance to air travelling to the cathode. Therefore an 
investigation has been undertaken to determine the extent of reaction of different 
compositions of lanthanum strontium manganites, (LaxSri-x)yMn0 3  (LSMX-Y), with 
lanthanum nickel ferrite, La1.xNio.6Feo.4O3 (LNF60-Z).
11.2 Experimental
11.2.1 Reaction Couples
Four (LaxSri_x)yMn0 3  (LSMX-Y) and two La1_xNio.6Feo.4O3 (LNF60-Z) screen-printing inks 
were manufactured by combining a commercially available binder vehicle, Blythe Binder 
(Johnson Matthey, UK), with LSMX-Y powders (Praxair, USA). Commercially available 
dense 3 mol% YSZ tiles, approximately 200 pm thick, (Kerafol, Germany) were screen- 
printed with layers of LSMX-Y and sintered at 1150°C for 1 hour. A layer of LNF60-Z was 
then screen-printed onto each of the tiles and sintered at 1200°C for 8  hours (Figure 
11.1).
LNF60-Z
LSMX-Y 
YSZ tile
Figure 11.1 Sample Configuration for Reactivity Studies
An index of the compositions and nomenclature of all LSM and LNF materials that were 
used in the reactivity studies is given by Table 11.1, while Table 1 1 . 2  shows the 
variables that were investigated and materials selected for the purpose of studying the 
influence of these factors.
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Table 13L.l Material compositions and nomenclature
Material Nomenclature Composition
LSMX-Y LSM85-90 (Lao.85Sro.is)o.9o MnOa
LSM85-95 (Lao.85Sro.i5)o.9sMn03
LSM65-95 (Lao.65Sro.3s)o.95Mn03
LSM65-98 (Lao.65Sro.3s)o.98Mn03
LSM85-100 (Lao.85Sro.is)Mn03
LNF60-Z LNF60-100 LaNio.6 Feo.4O3
LNF60-95 Lao.9 5Nio.6 Feo.4O3
Table 11.2 Investigated variable factors and materials used
Expt
No
Variable Factor Experiment Couples Sintering
Reoime
1
Level of Sr-doping of 
LSM
LSM85-95
LSM65-95 LNF60-100
1200°C/ 8  h
2 A-site deficiency in LSM
LSM85-90
LSM85-95
LSM65-95
LSM65-98
LNF60-100
3 A-site deficiency in LNF LSM85-90 LNF60-100LNF60-95
Cross-sectional samples were mounted in resin (Struers Epofix), polished and sputtered 
with gold. A Topcon3000 scanning electron microscope, in high vacuum mode, equipped 
with an energy dispersive spectrometer (Bruker AXS, UK) was used to examine the 
samples and generate elemental line scans across the layers. To reduce measurement 
errors due to mis-alignment of the cross-sections, the cross-sections of the YSZ tiles 
were checked to be 200 pm in width. Several scans were acquired across cross-sections 
of two different samples for each LSM-LNF pair. OriginLab® graphing and analysis 
software was used for semi-quantification of the migration of manganese from the LSM 
into the LNF layers for the purpose of comparison.
11.3 Results and Discussion
11.3.1 Migration of Ni. Fe and Mn (B-site cations^
Elemental line scans across the intersections of LSM and LNF layers are displayed in 
Figure 11.2-Figure 11.5, superimposed upon the corresponding back-scattered electron 
microscopy (BSEM) images. Migration of manganese (yellow trace) from LSM layers into 
LNF was observed for most almost all LSM compositions studied. Generally, some 
diffusion of nickel (red trace) but no, or little, movement of iron (green trace) from LNF 
into LSM was observed.
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Figure 11.2. BSEM-EDX line scans of LNF60-100 with LSM85-95 and LSM65 
95 layers (Expt 1-Effect of level of Sr-doping of LSM)
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Figure 11.3 BSEM-EDX line scans of LNF60-100 with LSM85-90 and LSM85-95 
layers (Expt 2-Effect of A-site deficiency in LSM)
lOlM
Figure 11.4 BSEM-EDX line scans of LNF60-100 with LSM65-95 and LSM65-98 
layers (Expt 2-Effect of A-site deficiency in LSM)_um#&m_
Figure 11.5 BSEM-EDX line scans of LSM85-90 with LNF60-100 and LNF60-95 
layers (Expt 3 Effect of A-site deficiency in LNF)
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The experimentally determined distance of Mn diffusion from each of the LSM layers into 
LNF60-100 layers is displayed in Figure 11.6, while that of Mn diffusion from LSM85-90 
into LNF60-100 and LNF60-95 is shown in Figure 11.7.
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Figure 11.6 Distance of Mn diffusion from LSMX-Y layers into LNF60-100
layers
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Figure 11.7 Distance of Mn diffusion from LSM85-90 layers into LNF60-Z
layers
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In an attempt to compare the amount of diffused manganese in the LNF60-100 layers, 
the product of the normalised atomic percentage and distance of diffusion was 
measured by integrating the manganese curves generated by the EDX line scans 
between the interface of the layers and limit of diffusion in the LNF layer (Figure 11.8). 
The results of the analysis are shown in Figure 11.9.
LSMX-Y
(MO)
Figure 11.8 Integration method used to quantify manganese diffusion into
LNF layers
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Figure 11.9 Quantified levels of diffused Mn from LSMX-Y layers into LNF
layers
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Both the distance and level of Mn diffusion into LNF60-100 layers follow the same trend, 
from most diffusion from the LSM with highest A-site deficiency and lower level of Sr- 
doping, to least diffusion from the composition with lowest A-site deficiency and higher 
level of Sr-doping.
Table 11.3 presents the key observations of EDX line scans of the experiments outlined 
above, and possible explanations of the experimental results.
Table 11.3 Observations and possible hypotheses of effects of variable factors
EXPT
NO
VARIABLE
FACTOR
OBSERVED BEHAVIOUR SUGGESTED HYPOTHESES
1. Increasing level of 
doping at A-site results in 
transition of some Mn^  ^to 
Mn'*^ , which is less mobile 
than Mn^  ^w.r.t movement 
into LNF60-100.
2. Less Mn migration and 
increased Mn^  ^content 
results in less availability of 
B-sites for to move into.
Level of Sr- 
doping of LSM
Increased doping level 
suppresses Mn and Ni 
migration
A-site deficiency 
in LSM
Increased A-site deficiency 
promotes Mn and Ni 
migration
1. Increasing A-site deficiency 
creates an excess Mn 
content-^More Mn available 
to move into the more stable 
LNF60-100.
2. Ni migration affected by 
availability of B-sites for Np  ^
to move into, which is 
affected by Mn migration 
and volume of Mn'^ *.
A-site deficiency 
in LNF
Increased A-site deficiency 
enhances Mn, Ni and Fe 
migration
1. Increasing A-site deficiency 
of LNF reduces positive 
charge promoting B-site ions 
of LNF to higher charged 
ions. Ni'*^  and Fe'*^  are 
energetically less stable than 
Np  ^and Fe^  ^(and 
energetically less stable than 
Mn'*'^ ) resulting in movement 
of Ni and Fe out of LNF60-95 
into LSM as Ni^  ^and Fe^ .^
2. More Ni and Fe moving out 
of LNF60-95 creates more 
sites for Mn to migrate into 
(which may exist as Mn"*^ )
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11.3.2 Densification of LNF Microstructure
Back-scattered scanning electron microscopy revealed that migration of manganese 
from LSM into LNF creates a differential in microstructure across the LNF layer, as was 
observed in chapter 10. In all samples prepared for the experiments outlined above, a 
microstructure with finer porosity was observed where Mn was present in the LNF layer, 
as can be observed in the highly contrasted BSEM micrographs of LNF60-100 layers 
sintered upon LSM85-9G and LSM65-95 layers (Figure 11.10).
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Figure 11.10. BSEM-EDX line scans of LNF60-100 layers sintered upon LSM85- 
90 and LSM65-95 layers at 1200°C/8 hour showing finer porosity of LNF in
region of Mn diffusion
11.4 Conclusion
The chemical compatibility of different LSM and LNF compositions has been assessed by 
scanning electron microscopy and energy dispersive x-ray spectrometry. Results indicate 
that manganese diffusion from (Lai-xSrx)i-yMn0 3  into LaNio.6 Feo.4O3 layers is increased by 
increasing the A-site deficiency of the starting LSM composition. This is thought to be 
due to the effect of creating an excess of manganese in the LSM perovskite crystal 
which moves into the more stable stoichiometric LNF structure. Strontium-doping is 
believed to suppress the level of diffused manganese by reducing the relative volume of 
Mn^  ^ ions in the starting material, which are believed to be more mobile than the 
higher-charged Mn'*^  ions. The diffusion of manganese into the LNF layer appears to 
effect migration of nickel into the LSM, however no or little Fe was seen to move from 
LNF into LSM layers.
Introducing 5% A-site deficiency into LNF appears to promote interdiffusion of nickel, 
iron and manganese between this material and (Lao.8sSro.i5)o.9oMn0 3 , which is thought to 
be a result of the lower stability of higher charged nickel and iron cations compared with 
manganese ions.
In all samples in which manganese had diffused into the LNF layer, the LNF 
microstructure was found to have a finer porosity in the region of manganese diffusion.
The IP-SOFC cathode material, (Lao.85Sro.i5)o.9oMn03, is most chemically reactive with 
LaNio.6 Feo.4O3 . (Lao.6sSro.35)o.98Mn03 exhibits the least chemical reactivity with LNF, 
however it is known that introducing an A-site deficiency into LSM of at least 5% is 
beneficial in terms of the cathode properties. It is therefore concluded that
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(Lao.65Sro.35)o.95Mn03 has potential as an IP-SOFC cathode material that may allow LNF to 
be used as a cathode current collector over longer term periods, in which 
(Lao.85Sro.i5)o.9oMn03 and LNF undergo a strongly detrimental reaction.
12 COMPARISON OF THE DURABILITY OF (Lao.esSro.ss) o esMnOsiYSZ AND 
(Lao,85Sro.i5)o.9oMn03:YSZ CATHODES WITH LaNlo.eFeo.4 O3  CURRENT 
COLLECTOR.
12.1 Introduction
The lesser extent of migration of manganese from (Lao.6 5Sro.3 5)o.9 5 Mn0 3  (LSM65-95) into 
LaNio.6 Feo.4O3 (LNF) layers, compared with diffusion from (Lao.8sSro.i5)o.9oMn0 3  (LSM85- 
90), suggests substitution of LSM85-90 by LSM65-95 in the IP-SOFC cathode may permit 
LNF60 to be used as a cathode current collector over longer term periods, in which 
LSM85-90 and LNF60 undergo a detrimental reaction. The durability of 
(Lao.6sSro.3 5)o.9 5Mn0 3 :Zro.9 7Yo.o3 0 2 -d (LSM65-95:YSZ) cathodes and LNF60 layers was 
investigated and compared with that of standard (Lao.8 5Sro.is)o.9oMn0 3 :Zro.9 7Yo.o3 0 2 -d 
(LSM85-90:YSZ) over thermal ageing periods of up to 6 months. LSM85-90:YSZ and 
LSM65-95:YSZ cathode samples, with LNF current collector, standard PdLSM current 
collector, and without current collector, were thermally aged at 950°C and examined by 
electrochemical impedance spectroscopy, electron microscopy, energy dispersive 
spectroscopy and electron energy loss spectroscopy, before and after thermal ageing 
periods of up to 6 months.
12.2 Experimental
Separate LSM65-95:YSZ and LSM85-90:YSZ cathode sampies on YSZ substrates, with 
LNF, PdLSM, or without current collectors, were fabricated by the same method as 
described in section 10.2. The samples were placed in alumina boats (Figure 12.1 a), 
and held within an alumina tube (Figure 12.1 b) inside a tube furnace at 950°C (Figure 
12.1c) for up to 6 months. A smaller furnace was used compared with that used for the 
previous thermal ageing study (Chapter 10); the temperature was easier to control and 
a maximum variation of ±8°C was ensured by prior measuring of the temperature 
gradient using a thermocouple inserted into the alumina tube. The furnace was cooled 
and 3 tiles of each sample type were removed for testing by EIS after 1, 3, 4 and 6 
months.
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Figure 12.1 a. LSM65-95:YSZ and LSM85-90:YSZ cathode sampies, with LNF, 
PdLSM and without current collector layers, in alumina boats b. Positioning of 
samples in alumina tube, c. inserted into tube furnace held at 950^0
The microstructure and chemical composition of the sample cross-sections were 
inspected after testing by SEM-EDX as described in section 10.2. A focused ion beam- 
scanning electron microscope (FIB-SEM) (FEI Dual Beam Nova Nanolab 600) was used 
to prepare further samples from a thermally treated test-piece for analysis by energy 
dispersive spectroscopy (EDX) and energy loss spectroscopy (EELS) in a transmission 
electron microscope (TEM) (Jeol JEM 2000FX). The samples were 'drilled' from the 
thermally treated sample and lifted out by the focussed (gallium) ion beam (FIB), before 
being welded to a TEM grid by a platinum precursor and thinned by the FIB.
12.3 Results and Discussion
12.3.1 SEM-EDX of As-Sintered Samples
Scanning electron microscopy images and corresponding elemental line scans across 
LSM65-95:YSZ and LSM85-90:YSZ samples with LNF current collectors are displayed in 
Figure 12.2 and Figure 12.3, respectively. As indicated by previous investigation (section
11.3), less Mn migration into LNF layers occurs from LSM65-95:YSZ cathodes than from 
LSM85-90:YSZ cathodes, an estimated distance of 6 pm compared with 11 pm.
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Figure 12.2 BSEM-EDX Line Scans across LSM65:95-YSZ cathode and LNF 
current collector layers of as-sintered sample
LNF lâMtMOîYg, jaz.
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Figure 12.3 BSEM-EDX Line Scans across LSM85:90-YSZ cathode and LNF 
current collector layers of as-sintered sample
12.3.2 Initial Cathode Performance
No significant difference in the initial area-specific polarization resistance (ASRp), 
measured at 900°C, was observed between LSM65-95:YSZ and LSM85-90:YSZ cathodes, 
nor between cathodes with different current collectors (Table 12.1).
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Table 12.1 Initial ASRp at 900°C of LSM65-95:YSZ and LSM85-90:YSZ
Cathode ASRp (ohm cm^) at 900°C
Current
Collector
LNF PdLSM Pt
LSM65-95:YSZ 0.04 (±0 .01 ) 0.06 (±0 .03 ) 0.05 (±0 .01 )
LSM85-90:YSZ 0.05 (±0 .01 ) 0.05 (±0 .01 ) 0.06 (±0 .02 )
Similarly, no significant difference was observed in the initial activation energy of the 
LSM65-95:YSZ and LSM85-90:YSZ cathodes. Figure 12.4 displays log (ASRp) values 
plotted against 1000/T in the temperature range 750-950°C for cathodes with LNF 
current collector. Straight lines were produced from which the activation energy was 
determined.
1000/r K
0.85 0.95
-0 .4 -
M LSM 65-95: YSZ 
LSM 85-90: YSZ
Q.
Activation E nergies 
LSM65-95:YSZ=1.3 eV 
LSM85-9QYSZ= 1 2 eV
Figure 12.4 Plots of Log(ASRp) against 1000/T  and determined Activation 
Energies of LSM65-95:YSZ and LSM85-90:YSZ Cathodes with LNF Current
Collectors
12.3.3 Cathode Durability
Figure 12.5 and Figure 12.6 display ASRp values measured from EIS spectra produced 
by LSM65-95:YSZ and LSM85-90:YSZ cathode samples after ageing at 950°C for periods 
of up to 6 months. It can be seen that LSM65-95:YSZ cathodes show less durability than 
LSM85-90:YSZ cathodes in the presence of both LNF and PdLSM, and without, current 
collectors. However after 3 months of thermal ageing a much larger increase in ASRp 
was observed for all LSM65-95:YSZ and LSM85-90:YSZ cathode samples in the presence
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of LNF current collector compared with those aged with PdLSM, or without, current 
collector.
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Figure 12.5 ASRp values at 900°C of LSM65-95:YSZ cathode samples before 
and after ageing at 950°C for up to 6 months
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Figure 12.6 ASRp values at 900°C of LSM85-90:YSZ cathode samples before 
and after ageing at 950°C for up to 6 months
Figure 12.6 indicates that the performance of LSM85-90:YSZ cathodes with LNF current 
collectors improves between 3 and 4 months of thermal ageing. However, as in the
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previous study on the durability of LSM85-90:YSZ cathodes (Chapter 10) the samples 
aged for different periods were discrete samples and the observation may therefore be a 
chance occurrence resulting from the random deviation in the samples. One sample of 
each cathode that was measured after ageing for 6 months was re-inserted into the 
furnace, aged for a further month at 950°C and tested again by EIS. Both samples 
showed further degradation in ASRp, suggesting that the degradation behaviour is 
irreversible.
LSM65-95:YSZ cathode samples showed greater degradation than LSM85-90:YSZ 
cathodes after thermal ageing with LNF, PdLSM, and without, current collector layers. 
However, samples of both cathodes aged with LNF current collectors showed greater 
degradation than samples aged with standard PdLSM, or without, current collector.
Figure 12.7-Figure 12.8 displays the EIS spectra produced by LSM65-95:YSZ and LSM85- 
90:YSZ cathode samples with LNF current collector and before and after thermal ageing. 
Two discrete arcs were observed for all samples, with maximum frequencies at ~1 kHz 
and ~10 Hz.
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Figure 12.7 EIS spectra at 900°C of LSM65-95:YSZ cathode samples with LNF 
current collectors before and after ageing at 950°C for 1 and 3 months
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Figure 12.8 EIS spectra at 900°C of LSM85-90:YSZ cathode sampies with LNF 
current collectors before and after ageing at 950°C for 1 and 3 months
As observed in previous investigations (Section 10.3) the area-specific polarization 
resistance, ASRp2, measured from the arc produced at low frequency (max 
frequency^ 10 Hz) displayed a larger percentage increase than the area-specific 
polarisation resistance, ASRpl, measured at high frequency (max frequency~l kHz) 
over periods of thermal ageing, for both LSM65-95:YSZ and LSM85-90:YSZ cathodes. 
This low-frequency arc is commonly attributed to the resistance of bulk diffusion of gas 
to the electrode (Primdahl and Mogensen, 1999). This large increase in ASRpZ was not 
observed for LSM65-95:YSZ and LSM85-90:YSZ cathodes which were aged with PdLSM 
current collector, or without current collector; Figure 12.9 and Figure 12.10 display the 
separate contributions from ASRpl and ASRp2 to the total ASRp for LSM85-90:YSZ 
cathodes with LNF and PdLSM current collectors. Although larger ASRpl and ASRp2 
values were measured for cathodes with LNF current collector compared with PdLSM 
current collector, it is clearly seen that the increase in ASRp2 contributes more 
significantly to the greater increase in total ASRp over time (Figure 12.6). It is also 
noted that the wide variation in ASRp2 values for nominally similar samples indicates 
that the resistance to air diffusing through LNF to the cathode is sensitive to small 
differences in the extent of densification of the LNF microstructure.
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Figure 12.9 ASRp2 values (measured at low frequency) at 900°C of LSM85- 
90:YSZ cathode samples before and after ageing at 950°C for up to 6 months
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Figure 12.10 ASRpl values (measured at high frequency) at 900°C of LSM85- 
90:YSZ cathode samples before and after ageing at 950°C for up to 6 months
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In the initial investigation of the effect of LNF current collector on LSM85-90:YSZ 
cathode polarisation (Chapter 10% the large increase in ASRp2 after 6 months of 
thermal ageing was attributed to a densified layer of ~1 pm within the LNF current 
collector, which was thought to create a diffusion barrier to air reaching the cathode. 
This 'dense' layer formed at the limit of manganese diffusion into the LNF layer and was 
seen to correspond with a peak in manganese concentration. Figure 12.11b shows this 
phenomenon occurs between LSM65-95:YSZ cathodes and LNF current collector layers 
after 1 month of thermal ageing, and after 6 months of thermal ageing the dense layer 
is clearly observed in LNF layers upon both cathodes (Figure 12.11c and Figure 12.12c).
Figure 12.11 BSEM micrographs of LNF60-100 layers on LSM65-95:YSZ: a) as- 
slntered, b) after 1 month at 950^C c) after 6 months at 950°C
Figure 12.12 BSEM micrographs of LNF60-100 layers on LSM85-90:YSZ: a) as- 
slntered, b) after 1 month at 950^C c) after 6 months at 950°C
Figure 12.12b shows the densification process beginning to occur in an LNF current 
collector on LSM85-90:YSZ cathode after 1 month of thermal ageing. However the ASRp 
of this sample did not show the huge increase that was exhibited by all the LSM65- 
95:YSZ samples (Figure 12.5 and Figure 12.7). It was found that further diffusion of 
manganese had occurred from LSM85-90:YSZ cathodes into LNF after ageing (Figure 
12.14 compared with Figure 12.3) while the manganese from LSM65-95:YSZ cathodes 
had not moved further into the LNF layer after ageing relative to as-sintered samples 
(Figure 12.13 compared with Figure 12.2).
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Figure 12.13 BSEM-EDX Line Scans across LSM6S:95-YSZ Cathode and LNF 
current collector layers, thermally aged at 950°C for 1 month
L8M86-90:Y8Z YSZ
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Figure 12.14 BSEM-EDX Line Scans across LSM85:90-YSZ Cathode and LNF 
current collector layers, thermally aged at 950°C for 1 month
Nickel-rich particles were observed within the LNF layers after 1 month of thermal 
ageing upon both cathodes (Figure 12.15a-b). As observed in previous investigation 
(Chapter 10), it appears these nickel-rich particles are most concentrated in the region 
of the limit of manganese diffusion.
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Figure 12.15 BSEM-EDX elemental maps of LNF60-100 layers upon a. LSM65- 
95:YSZ and b. LSM85-90:YSZ layers, thermally aged at 950°C for 1 month
Figure 12.16 and Figure 12.17 display the BSEM-EDX line scans of LSM65-95:YSZ and 
LSM85-90:YSZ cathodes with LNF current collector after ageing for 6 months at 950°C. 
The densified regions within the LNF layers, upon both cathodes, appear more distinct 
and further build-up of manganese is observed in these regions. As observed in section 
10.3, it can be seen that some iron is displaced out of the reaction zones to the adjacent 
LNF regions in layers upon both cathodes.
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Figure 12.16 BSEM-EDX Line Scans across LSM65:95-YSZ Cathode and LNF 
current collector layers, thermally aged at 950°C for 6 months
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Figure 12.17 BSEM-EDX Line Scans across LSM85:90-YSZ Cathode and LNF 
current collector layers, thermally aged at 950°C for 6 months
Table 12.2 summarises the key observations from BSEM-EDX analysis of both cathodes 
with LNF current collector, before and after thermal ageing.
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Table 12.]i Observations from BSEM-EDX studies of thermally aged samples
Area of 
Inspection Cathode Observations over timeAs-sintered After 1 month After 6 months
LNF
microstructure
LSM85-
90:YSZ
Finer porosity in 
region of Mn 
diffusion
Densification begins 
to occur at boundary 
of Mn diffusion 
(Figure 12.12 b)
Densification has 
occurred at boundary 
of Mn diffusion (~1 pm 
in thickness)
Manganese
movement Mn diffuses out of LSM into LNF a 
distance of ~10 pm
More Mn diffuses into 
LNF and penetrates 
further into LNF layer 
(a total distance of 
~20 pm)
Mn does not move 
further through LNF 
layer but builds up at 
limit of diffused 
manganese
Nickel
movement Ni diffuses out of LNF into LSM a 
distance of ~9 pm
1. More Ni moves out 
of LNF and 
penetrates full depth 
of cathode layer (~17 
pm)
More Ni moves into 
cathode layer
2. Fe moves out of 
LNF as Ni-rich 
precipitates at edge 
of interdiffusion 
region (Figure 
12.15 a)
Fe movement Lower
concentration of Fe 
in region of 
diffused 
manganese and 
higher
concentration in 
adjacent LNF 
region
Fe becomes further 
less concentrated in 
region of diffused 
manganese and 
further more 
concentrated in 
adjacent LNF region
Fe becomes further 
less concentrated in 
region of diffused 
manganese and 
further more 
concentrated in 
adjacent LNF region
Microstructure LSM65-
95:YSZ
Finer porosity in 
region of Mn 
diffusion
Densification has 
occurred at boundary 
of Mn diffusion
Densification has 
occurred at boundary 
of Mn diffusion (~1 pm 
in thickness)
Manganese
movement Mn diffuses out of LSM into LNF a 
distance of ~5 pm
More Mn diffuses into 
LNF but does not 
penetrate further into 
LNF layer but rather 
builds up at limit of 
diffused manganese
More Mn diffuses into 
LNF but does not 
penetrate further into 
LNF layer
Nickel
movement
No Ni diffusion into 
LSM
No Ni diffusion into 
LSM but less 
concentrated in 
region of manganese 
diffusion
No Ni diffusion into 
LSM
Ni moves out of LNF 
as Ni-rich precipitates 
(Figure 12.15 b)
Fe movement Lower
concentration of Fe
Fe becomes further 
less concentrated in
Fe becomes further 
less concentrated in
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in region of region of diffused region of diffused
diffused manganese and more manganese and
manganese and concentrated in further more
higher adjacent LNF region concentrated in
concentration of Fe adjacent LNF region
in adjacent LNF
region
It is not clear why manganese diffusion through LNF is impeded and accumulates in an 
area which corresponds to a distinct 'dense' layer of ~1 pm thickness within the LNF 
layer. The A B O 3  perovskite structure may incorporate various metal components and 
vacancies and is not always perfectly homogeneous, and it has been observed that the 
mass transport behaviour in such materials is not straightforward. For example, it was 
found that a single-phase La-Sr-Co-Fe-03 perovskite material can be formed by 
annealing LaosSroiFeOg (LSF) and Lao.gSro.zCoO] (LSC) at 1400°C (Kishimoto, 2007), 
however at lower temperatures the formation of a CoFe2 0 4  spinel was detected. One of 
the possibilities given for spinel formation was that LSCF is not a stable phase around 
SOFC operating temperatures. It was found that Fe diffusion took place mainly through 
the grain boundaries of LSC and that the spinel particles first formed along the grain 
boundaries of the LSC, although the spinel phase growth rate was determined by bulk 
diffusion of Fe into LSC. EDX of the LSC pellet cross-section revealed that Fe had 
diffused several tens of microns along the grain boundaries but only a few microns 
through the grains.
Norman et al. (1999) carried out Mossbauer spectroscopy studies of the La(Fe,Ni)0] 
series at room temperature , which showed that only trivalent cations (Fe^ ,^ Np )^ were 
present. The effective ionic radii of the twelve-coordinated A^ ,^ and six-coordinated B^  ^
cations in La(Fe,Ni) 0 3  are 1.36 Â. 0.56 Â and 0.65 Â for Laf+, Np  ^(low spin) and Fef+ 
(high spin) respectively (Falcon at a!., 1997). Based on these values. Falcon determined 
that LaNio.6 Feo.4O3 has a t value of 0.979 (eqn 2.3) and a corresponding rhombohedral 
crystal structure. In the same study, Norman at at. calculated the t value which defined 
the boundary between the rhombohedral and greater, orthorhombic distortion as 
t=0.974. LSM possesses a mixture of Mn^  ^ and Mn'*^  cations. Six-coordinated Mn'*^  
cations have a radius of 0.53 Â, while that of six-coordinated Mn^  ^(low-spin) is 0.58 Â, 
and that of six-coordinated Mn *^ (high-spin) is 0.645 Â. Based on Norman's boundary 
value of t=0.974, a change from the rhombohedral to octahedral distortion of the 
perovskite lattice structure would be observed if 10% of the B-sites were occupied by 
manganese rather than nickel.
Therefore it could be that the diffusion of manganese into LNF creates an orthorhombic 
perovskite in which the cation transport behaviour is different from the rhombohedrally 
structured LNF, and/or Ni-Fe-Mn spinel phases are created at the thermal ageing 
temperature.
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12.3.4 Investigation of LNF-LSM reaction bv Transmission Electron Microscopv '^^
For the purpose of obtaining detailed information about the elemental composition and 
crystal structure across the reaction zone, reaction front and bulk LNF phase of an LNF 
current collector layer which was thermally aged upon an LSM85-90:YSZ cathode for 6 
months, a thin sample was prepared by the focussed ion beam (FIB)-SEM 'lift out' 
method (Langford and Clinton, 2004) as shown in Figure 12.18, for structural and 
compositional analysis in a scanning transmission electron microscopy (STEM).
«action Zorn
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Figure 12.18 Ion-induced SEM micrographs of thin sample preparation by 
FIB-SEM technique. From top left clockwise; sample source location, milling 
of sample by ion beam which is lifted out and welded to TEM grid by Pt 
precursor and subsequently thinned by ion beam.
The sample was analysed using a Hitachi HD2300 dedicated Scanning Transmission 
Electron Microscope (STEM) (Schottky Field Emitter, 200keV accelerating voltage, ~0.3 
nm diameter electron probe for analysis, ~2 nm diameter probe for nano-diffraction). 
The STEM was equipped with a Gatan Enfina electron energy-loss spectrometer (EELS) 
and an EDAX energy-dispersive X-ray analyser (EDX).
Diffraction patterns were collected from three grains, in the reaction zone, LNF zone and 
reaction front zone as indicated in the micrographs shown in Figure 12.18.
 ^ Sample preparation was carried out by Dr. Geoff West within the Department of Materials at 
Loughborough University
® Experimental analysis was carried out in conjunction with Dr. Vlad Stobojan within the 
Advanced Technology Institute at the University of Surrey
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Figure 12.19 a. Grain of thin sampie in reaction zone, b. grain within reaction 
front and c. grain in LNF region adjacent to reaction front, nano-diffracted in
the STEM
Analysis of the nanodiffraction patterns obtained from the grains indicated in Figure 
12.19, which have been tilted onto a zone axis (001), show that all the grains have the 
same rhombohedral structure of the nominal LaNio.6 Feo.4O3 . The real and simulated 
diffraction patterns from the grains shown in Figure 12.19 a-c are shown in Figure 12.20 
a-d, and the LNF rhombohedral crystal viewed in the direction of the 001 zone axis is 
shown in Figure 12.20 e.
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Figure 12.20 Nano-diffraction patterns generated from a. Grain of thin sample 
in reaction zone, b. grain within reaction front and c. grain in LNF region 
adjacent to reaction front; d. Simulated diffraction pattern and e. LNF 
rhombohedral crystal structure (Green=A; Red=0, Orange=Fe, White =Ni)
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The results of the diffraction analysis do not support the hypothesis that movement of 
manganese into LNF forms a product with an orthorhombic perovskite or spinel 
structure. However, in the case of CoFe2 0 4  formation by reaction of LSC and LSF 
(Kishimoto, 2007), Sr, La and Fe were detected on the surface of the CoFe2 0 4  grain 
indicating the surface of the spinel particles may be covered with orthorhombic 
perovskite La(Sr)Fe0 3 . Therefore, if Ni-Mn-Fe spinel formation occurs, it may not be 
detected by EDX studies of LNF and LSM for similar reasons.
Mapping of manganese and iron by energy dispersive spectroscopy and electron energy 
loss spectroscopy (Figure 12.21) revealed the placement of these ions was mutually 
exclusive. Iron was seen to be situated in the interior of the grains while manganese 
was situated at the grain boundaries. Additionally nickel-rich regions, which were 
identified as Ni2 0 3 , were observed in the LNF region adjacent to the reaction front.
Reaction Zon ront
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Figure 12.21 EDX mapping of Ni, Mn and Fe, and corresponding EELS 
spectrum imaging mapping of Mn and Fe
The compositional change across two grains in the reaction front (shown in Figure 
12.22) was investigated by EELS. A high angle annular dark field image of the region 
from which the spectrum was measured is shown in Figure 12.22 c.
116
eaction 
e
Pi ont
Zone
Figure 12.22 Location of grains in thin sample from which EELS spectra were 
measured, and c. high angle annular dark field (HAADF) survey image of the 
interface between the two grains in the reaction front (the area scanned 
pixel-by-pixel (3x26pixels, 7x7nm/pixel)) The lower grain in c. is viewed
along the 001 direction.
Spectra were collected at ~0.2 eV/channel energy dispersion. The low loss gives a 
measure of the thickness and is used in the deconvolution of multiple-scattering events 
from the other spectra (i.e. electrons that have lost energy to an atomic ionization 
transition can lose further energy by exciting plasmons, depending on the thickness of 
the sample).
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Figure 12.23 Relative EELS compositional profiles of Fe, Mn and O. The 
relative thickness profile shows the position of the interface.
It is observed that the iron and manganese profiles are almost mirror images of one 
another, which is in agreement with earlier indications that these ions are mutually 
exclusive. While the manganese profile appears to have some symmetry with respect to 
the interface (indicated by the sharp increase in the relative thickness at 60-70 nm), the 
iron profile is seen to be asymmetric with respect to the interface. It should be noted 
that the anisotropic arrangement of atoms may lead to artefacts. However, since 
manganese and iron are believed to occupy equivalent sites, the displacement of the
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centres of symmetry of the Fe and Mn profile a distance of 40 nm apart is not expected 
and may be related to the unidirectional movement of the reaction front Since iron has 
more d-electrons in the anti-bonding state than manganese, the cohesion energy of 
manganese is higher than iron. As such, manganese may possess a lower grain 
boundary energy than iron, so that the grain boundaries trap manganese and form a 
barrier to diffusion of iron, resulting in iron building up in the LNF region adjacent to the 
region of manganese diffusion.
Although the mechanisms by which further movement of manganese through LNF is 
halted, and by which the microstructure becomes dense at the edge of the reaction zone 
are not fully understood, in LNF layers upon both cathodes it appears that a variation in 
composition across the LNF layer is caused by diffusion of manganese into LNF, 
displacement of nickel and iron within LNF and movement of nickel out of the LNF phase 
as nickel oxide. The following hypothesis is proposed;
1. Initial manganese diffusion into LNF displaces nickel and iron. Nickel moves out of 
LNF, as nickel oxide precipitates, and also diffuses into LSM85-90 but not LSM65-95. 
The movement of Ni into LSM85-90 allows more manganese to move out of LSM85- 
90 into LNF, relative to LSM65-95.
2. The movement of nickel out of LNF as nickel oxide precipitates, and displacement of 
iron from the reaction zone results In an alteration of LNF phase composition In the 
region adjacent to limit of manganese diffusion.
3. Manganese is unable to diffuse into the altered phase composition in this region.
4. Further manganese diffuses through the reaction zone and builds up at the grain 
boundaries of the 'reaction front".
5. A La(Ni,Fe,Mn)oxlde phase (or possibly a (Ni,Fe,Mn) spinel) is created at the diffusion 
barrier. The phase has a larger atomic volume than the reaction zone phase and 
adjacent LNF phase.
6. A dense layer forms which creates a high resistance to air diffusing to the underlying 
cathode.
The movement of nickel out of LNF into LSM85-90, which allows more manganese to 
move Into LNF, appears to delay the densification mechanism compared with LNF layers 
upon LSM65-95:YSZ where no movement of nickel into the cathode was observed.
12.4 Conclusions
Some manganese diffusion from LSM into LNF occurs after sintering of LNF current 
collector layers upon LSM65-95:YSZ and LSM85-90:YSZ cathodes. Thermal ageing at 
950°C appears to result in impedance of manganese moving through the LNF layer such 
that manganese 'builds up" at the limit of diffusion. STEM-EDX and EELS analysis 
showed some nickel oxide had precipitated from the LNF but electron diffraction 
indicated that manganese diffusion into LNF creates a reaction product with a similar 
rhombohedral crystal structure to LNF. EDX and EELS analysis also revealed that the 
placement of iron and manganese within the grains of the reaction zone was mutually 
exclusive, and suggests the grain boundaries create a trap for manganese. The 
behaviour appears to promote an evolution of a dense layer within the LNF over time, 
which is believed to cause a drastic reduction in cathode performance by resisting the 
diffusion of air to the cathode.
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It appears that, rather than slowing the phenomenon, the lower level of manganese 
diffusion from LSM65-95:YSZ cathodes compared with LSM85-90:YSZ after sintering 
actually hastens the process because the manganese does not move further into the 
LNF layer.
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13 INVESTIGATION OF LANTHANUM NICKEL FERRITE-GADOLINIUM-DOPED 
CERIA COMPOSITE CATHODES FOR APPLICATION IN  THE IP-SOFC
13.1 Introduction
Results indicate that an LNF CCC is not compatible with LSM-based cathodes, due to the 
diffusion of manganese from LSM into LNF. Interdiffusion of B-site cations between 
several different ABO3 perovskite materials at high temperature has been reported, and 
employing the same material in the IP-SOFC cathode and CCC is an attractive option for 
reducing the risk of adverse interactions over time. As LNF has greater electrical and 
ionic conductivity than LSM, an LNF-based cathode may offer better electrochemical 
performance than LSM-YSZ, while facilitating the use of an LNF CCC. However it is 
known that LNF is reactive towards YSZ. Therefore an investigation was carried out into 
the performance of LNF-Ceo.9Gdo.1O2- 5 (CGO) cathodes on YSZ electrolytes, using CGO 
inter-layers (between electrolyte and cathode), to elucidate the possibility of using such 
materials In the IP-SOFC cathode.
13.2 Application of LNF and CGO in SOFCs
13.2.1 Use of LNF In SOFC Cathodes
LaNlxFei-xOa (LNF) was introduced as a cathode composition in 1999 (Arakawa et aL, 
1999) and LaNio.6Feo.4O3 has been investigated for use as a cathode in intermediate 
temperature (IT)-SOFCs (Chiba, 1999; Basu, 2003). LNF possesses some favourable 
properties over LSM for use as cathode, viz high electrical conductivity (Chiba, 1999), 
oxygen permeability (Kharton et ai. 1999) and high chromium tolerance (Komatsu, 
2008). However LNF cathodes show highest electrochemical performance in the 
temperature region of 400-650°C (Song et ai. 2006), and LNF has been found to 
undergo reaction with YSZ at high temperatures (Basu et a!., 2003; Knudsen et a!., 
2003; Millar et ai. 2008) limiting its application In SOFCs.
13.2.2 Use of Ceria. CeO?. in SOFC Electrolvtes and Cathodes
Both zirconium dioxide, ZrOz and cerium dioxide, CeOz, were first used in fuel cells as 
early as the 1930s (Bauer and Preis, 1937). However it was recognised that the 
electrical conductivity of ceria above 600°C was too high to be used as an electrolyte 
(Du and Sammes, 2001). Zirconia, ZrOz, stabilised with scandium or yttrium dopants, is 
the most common electrolyte material of choice for high temperature solid oxide fuel 
cells while the high ionic conductivity of ceria at lower temperatures makes it an 
attractive candidate for use as an electrolyte in solid oxide fuel cells operating below 
600°C (Chourashiya et ai, 2008). Furthermore ceria appears to be more chemically 
compatible with many of the commonly investigated cathode materials for IT-SOFCs, 
such as Lai-xSrxFeOs (LSF) and Lai-xSrxCoi-yFeyOs (LSCF), than zirconia. However IT- 
SOFCs are commonly operated at 600-800°C, at which temperatures the electronic 
conductivity of a ceria electrolyte at low oxygen partial pressures causes efficiency 
losses due to electronic leakage. Attempts have been made to use ceria and zirconia in 
conjunction, for example protecting a ceria electrolyte with a thin layer of zirconia on the 
anode side (Hammouche et ai. 1991) or using a ceria interlayer to prevent reaction 
between a zirconia electrolyte and an LSCF cathode (Matsuzakai et a!., 2002) or an LSF 
cathode (SImner et ai. 2003; Mai et a!., 2005). However cerium oxide has low
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sinterability (Chiba et a!.,, 2008) and if the ceria layer is screen-printed and sintered on 
YSZ electrol^e at 1000-1200°C, the mechanical strength and adhesion are poor. If it is 
sintered with a zirconia electrolyte at 1300-1400°C, the cerium atoms penetrate the 
electrolyte resulting in a decreased ionic transport number for the zirconia electrolyte 
(Xiong eta!., 2006).
Additionally there are questions over the reactivity of ceria with lanthanum perovskite 
cathode materials. While ceria is less acidic than zirconia and therefore less reactive with 
the basic LazO], and Ce'*^  is too large to form the perovskltes with La or Sr, the 
movement of LaP+ ions from lanthanum-containing perovskites into the ceria lattice at 
high temperature has been observed (Zajac et a!. 2007). An investigation was carried 
out, into the chemical stability of CGO and perovskite materials including LaFe-xNixOs, 
Lai-xSrxCoi-yFeyOa, and Lai.xSrxCoi-y-zFeyNizOa- The CGO and perovskite powders were 
mixed in 1:1 wt ratios and heated at 800, 1000, 1200°C for 6 and 100 hours. For all 
heated mixtures, shifts of XRD positions were observed. The (1 1 1) peak position of 
ceria shifted towards smaller 20 values. The shift was larger for longer heating times 
and higher heating temperatures. Since Co, Ni and Fe cations are much smaller than 
Ce'*^  in cubic co-ordination, it was concluded that the increased lattice constant was due 
to movement of LaP+ into the CGO lattice (Equation 13.1) (Zajac et a!., 2007). 
Additionally decomposition of Lao.9Sro.1Coo.2Feo.4 Nio.4O3 and LaFeo.6 Nio.4 O3 occurred after 
heating at 1200°C to form NiO.
(Ce,Gd)Oz 4- La(Co,Fe,Ni) 0 3  ^  (Ce,Gd,La)Oz + (La,Gd)(Co,Fe,Ni)Os (+ NiO)
Equation 13.1
To investigate the potential of using a composite LNF-CGO cathode In the IP-SOFC, the 
reactivity of these materials was investigated by powder x-ray diffraction, while the 
polarisation resistance of LNF-CGO cathodes, in a 50:50 wt.% ratio, on YSZ substrates, 
was measured using Pt and LNF current collector layers over a period of 1500 hours. To 
reduce the risk of reaction between LNF and YSZ, a CGO interlayer was applied between 
the YSZ substrate and LNF-CGO cathode.
13.3 Experimental
13.3.1 Analvsis bv X-rav Diffraction
Equal masses of Ceo.9 Gdo.iOz.d (CGOlO) and LaNio.6 Feo.4 O3 (LNF60) powders (Praxair, 
USA) were mixed using a mortar and pestle and placed in alumina crucibles. The 
resultant mixtures, and raw powders, were calcined for 8 hours at 1000°C and 1200°C 
and subsequently re-ground. In order to determine the phase composition after the 
calcination process, XRD (Cu K-alpha radiation) was performed between 20 and 50° 20 
on all powder samples, using a PANalytical X-Pert PRO system with X-Cellerator 
detector.
13.3.2 Electrochemical Impedance Testing
LNF60 and CGOlO powders were processed together in a 1:1 wt% ratio into an LNF60- 
CGOIO screen-printing ink (Gwent Electronic Materials Ltd., UK). Separate LNF60 ink 
and CGOlO screen-printing inks were also fabricated (RRFCS, UK; ESL Europe, UK).
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CGOlO interlayers and LNF60-CG010 cathode layers were screen-printed (using a fine 
mesh to produce thin layers) on 3YSZ tiles (Ceraflex, Kerafol, Germany). The CGO 
interlayers were sintered at 1200°C for 1 hour, while the LNF60-CG010 cathode layers 
were sintered at 1150°C for 1 hour. An LNF60 current collector layer was applied on 2 of 
these samples and sintered at 1150°C for 1 hour, while platinum paste was applied and 
sintered at 1000°C on 2 other samples. The prepared tiles shown in Figure 13.1 were 
'snapped' (by applying bending pressure by hand) into small square test pieces of 
approximately 0.5-1 cm^  area.
Current Collector 
LNF-CGO Cathode
CGO Interlayer
YSZ
Figure 13.1 Schematic Diagram of Prepared Samples
Electrochemical Impedance Spectroscopy (EIS) was carried out using a Solartron 1260 
frequency response analyzer, as describôj in section 1 0 .2 . Samples were measured over 
a temperature range of 950°C to 750°C at 50°C intervals. Each measurement covered a 
frequency sweep of 10' -^10  ^Hz and at each temperature a measurement was taken with 
an applied amplitude of 50 mV. A further sample was held at 900°C and measured at 24 
hour intervals over 1500 hours (~2 months). Post analysis of the samples was carried 
out by combined back-scattered scanning electron microscopy-energy dispersive x-ray 
analysis (BSEM-EDX) as described in section 10.2.
13.4 Results and Discussion
13.4.1 X-rav Diffraction
After calcining LNF and CGO together at 1000°C for 8  hours, all the peaks belonging to 
the LNF and CGO crystal structures were still observed at the same diffraction angles 
(Figure 13.2) indicating little, or no reaction occurs between the two phases at this 
temperature.
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Figure 13.2 XRD pattern of LNF and CGO calcined, a. separately, and b. 
together, at 1000°C for 8 hours
Conversely, the XRD scan of LNF and CGO after calcining together at 1200°C for 8  hours 
(Figure 13.3) indicates phase interaction has occurred, suggesting changes to the 
composition of both materials. The (1 1 1) and (3 1 1) peaks of the CGO peaks are 
shifted to smaller 2 -theta values, indicating an increase in the lattice constant, and 
splitting of these peaks is observed, which implies the cubic CGO structure is distorted 
or that there exists two fluorite-type phases with slightly different compositions (Sha et 
a// 2007). Peaks at 37.5° 2-theta and 43.5° 2-theta, corresponding to nickel oxide imply 
some decomposition of the LNF phase has occurred, while the characteristic splitting of 
the main reflections of the rhombohedral LNF perovskite phase is no longer seen, 
suggesting that the reaction involves at least a partial transformation of the perovskite 
from the rhombohedral to orthorhombic structure.
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Figure 13.3 XRD pattern of LNF and CGO calcined, a. separately, and b. 
together, a t 1200^C for 8 hours
The ionic radii of ail the cations present in the system are presented in Table 13.1. The 
increase in lattice constant of CGO implies movement of La^  ^ into the (Ce‘’^ Gd^ ^ ) 0 2  
crystal as found by Zajac (2006).
Table 13.11 onic radii of Ce, Gd, La, Fe and Ni cations
Cation Ionic Radius (Â)
Octahedral/Rhombohedral Cubic
Ce^ -^ 0.87 0.97
Ce^+ 1 . 0 1 1.143
Gd^+ 0.938 1.053
La:+ 1.032 1.16
Fe^* 0.55 (LS) 0.645 (HS)
NP+ 0.69
NP+ 0.56
According to the model proposed by Goldschmidt for predicting the crystal symmetries 
of ABO3 perovskite structures (section 6.3), the distortion of the rhombohedral LNF 
perovskite structure to the less symmetric orthorhombic structure may be caused by 
movement of Gd^  ^ (or Ce'*^  reducing to Ce^ "^ ) into the A-site, and/or by an increased 
Pe^VNi^^  ratio at the B-site. As Ce^  ^and Gd^  ^are smaller than La^ ,^ movement of Ce^ ^
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or would result in a decrease in stability of the LNF perovskite phase (eqn 6.1), 
which may be compensated by reduction of Np  ^ ions to Ni^  ^ ions likely resulting in 
precipitation of Ni^ O^^ '
13.4.2 Electrochemical Testing
Partial debonding of the cathode and CGO layers from the YSZ substrates occurred upon 
'snapping' the prepared tiles (by applying bending pressure by hand) into the smaller 
test samples. The bond failure occurred at the CGO-YSZ interface and is considered to 
be as a result of weak adhesion of the CGO layers to the YSZ tiles due, at least in part, 
to thermal expansion mismatch between CGO and YSZ. This resulted in ~ 5% removal 
of cathode layer from the edges of the square samples as schematised in Figure 13.4. 
However it was considered that the quality of the samples was adequate for testing by 
EIS.
LNF-CGO 
on CGO 
interlayer
YSZ —
“1 ran
Figure 13.4 Schematic Diagram of Samples Prepared for EIS
The area-specific polarization resistance (ASRp) at 900°C of the LNF-CGO cathode 
samples are compared with that of standard cathode samples in Figure 13.5.
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Figure 13.5 ASRp at 900°C of LNF-CGO cathode samples
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It can be seen from Figure 13.5 that the average initial ASRp of LNF-CGO cathodes, with 
CGO interlayers, and either LNF or Pt current collector, is lower than that of standard 
LSM-YSZ samples. It is expected that the ASRp of LNF-CGO cathodes could be reduced 
by improving the adhesion between the CGO and YSZ layers which would increase the 
conduction of oxide ions between the CGO interlayers and YSZ electrolyte.
An SEM micrograph and corresponding EDX elemental line scan of a cross-section 
sample of an LNF-CGO cathode with LNF current collector is shown in Figure 13.6.
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Figure 13.6 BSEM-EDX Line Scans across LNF CCC, LNF-CGO cathode, CGO
interlayer and YSZ layers
It can be seen that the lanthanum, nickel and iron scans do not trace the same path 
through the LNF-CGO layer, indicating some decomposition of the LNF phase has 
occurred. A number of line scans were collected across the LNF-CGO layers and, 
although some variation in trend behaviour was observed, in general the lanthanum and 
iron scans were more correlated with each other and showed less correlation with the 
nickel scan. Additionally some peaks in nickel concentration were observed which 
corresponded with areas of low cerium concentration. The observations are in 
accordance with results of XRD investigation which indicated decomposition of the 
rhombohedral LNF perovskite occurs by movement of Gd^  ^(or possibly Ce^ )^ into the A- 
site of LNF, resulting in transition of Np"^  ions to Ni^ "" ions and subsequent formation of 
nickel oxide precipitates. The EDX analysis suggests iron oxide precipitates may also 
form, as suggested by the concentrated regions of iron concentration in the EDX 
elemental map shown in Figure 13.7 b.
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Figure 13.7 BSEM micrograph and corresponding EDX Eiementai Map of cross- 
section of LNF CCC, LNF-CGO cathode, CGO interiayer and YSZ iayers
The overall analysis suggests reaction occurs between the LNF and CGO phases of the 
composite cathode, according to Equation 13.2.
(Ce'^ '^ o.gGd^ o^.OO^ 'z-d 4-La^^Ni \^6Fe^^o.40  ^3(rhombohedral) -»■ 
(La^ +Ce'^ +Gd^ +)0 2 .x4 -(La^ +Gd^ +Ce^ +)i+y(Ni^ +Fe^ +)0 3 .z (orthorhombic) 4-Ni^ +O^ ' + Fe^ +zO^ 's
Equation 13.2
As has been observed for LNF current collectors on LSM-YSZ cathodes, movement of 
cations between phases may compromise cathode durability. The increase in ASRp at 
900°C, of LNF-CGO and LSM-YSZ cathodes, over 1500 hours in air is shown in Figure 
13.8.
rf
.  LNF-CGO cathode + LNF CO 
•  LSM-YSZ cathode + LNF GO 
■ LSM-YSZ cathode/ No CC
...   -
Figure 13.8 Durabiiity of LNF-CGO cathodes in stagnant air compared with
standard LSM-YSZ cathode
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Figure 13.9 Contribution of ASRpl and ASRp2 to totai ASRp of LNF-CGO 
cathode sample with LNF current collector over 1500 hours in air
The ASRp of the LNF-CGO cathode sample with LNF current collector increased by 78 % 
over 1500 hours, showing greater degradation than LSM-YSZ cathodes with LNF current 
collector (which showed a 44 % increase in ASRp) or without current collector (60 % 
increase) over the same time period. As can be seen from Figure 13.9, the degradation 
in ASRp is accounted for by the increase in ASRpl, measured at high frequency, rather 
than ASRp2, which implies that thermal ageing at 900°C over this time period causes a 
reduction in cathode performance but does not create any increase in resistance of air 
diffusing to the active sites. The degradation does not level off within the 1500 hour 
time period. However, when the sample was removed from the furnace it was observed 
that more of the CGO/cathode/current collector multilayer had debonded from the YSZ 
substrate. Comparison of the BSEM micrographs at 3000x magnification, of the 
thermally aged sample (Figure 13.11 a) with the as-sintered sample (Figure 13.7 a) 
does not indicate changes to the microstructure have occurred, although such changes 
may not be visible at this magnification. EDX line scans and mapping (Figure 13.10- 
Figure 13.11 b) suggested some further segregation of ianthanum, nickel and iron had 
occurred, and an increased number of nickel rich precipitates are observed at the 
interface of the LNF-CGO cathode and LNF current collector (Figure 13.11 b). However, 
overall, SEM-EDX analysis did not indicate that extensive further reaction between LNF 
and CGO had taken place, and it is believed that both mechanical failure and chemical 
phase changes contribute to the degradation of LNF-CGO cathodes over 1500 hours.
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Figure 13.10 BSEM-EDX Line Scans across LNF CCC, LNF-CGO cathode, CGO 
interlayer and YSZ layers after 1500 hours at 900°C in air
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Figure 13.11. BSEM micrograph and corresponding EDX Elemental Map of 
cross-section of LNF CCC, LNF-CGO cathode, CGO interiayer and YSZ layers 
after 1500 hours at 900°C in air.
13.5 Conclusions
Initial measurements of cathode polarisation indicate a composite LaNio.6 Feo.4O3- 
Ceo.9Gdo.1O2 (LNF-CGO) material is a potential replacement for LSM-YSZ as a cathode in 
the IP-SOFC, when used in conjunction with a CGO inter-layer. However, problems of 
adhesion between CGO and YSZ layers have been observed after sintering, and phase
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segregation of LNF appears to occur by reaction with CGO, resulting in precipitation of 
nickel oxide and iron oxide. The chemical reaction appears to evolve over further ageing 
at 900°C for 1500 hours, and exposure to high temperature also results in further 
disintegration of the CGO, LNF-CGO cathode and LNF current collector layers from the 
YSZ substrate.
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14 CONCLUDING REMARKS
14.1 Conclusions from current work
It is known that significant increases in the economic and environmental potential of the 
IP-SOFC could be gained from replacement of the palladium-based cathode current 
collector. The fundamental requisites of the IP-SOFC cathode current collector have 
been evaluated, and the conductivity, stability, reactivity, thermal expansion, 
manufacturing method and cost and environmental aspects of LaNio.6 Feo.4O3 (LNF) have 
been researched and investigated, to form a basis of assessment of the potential of this 
material to meet a specification for the IP-SOFC cathode current collector and replace 
the present palladium-cermet (PdLSM) material. The following conclusions are drawn 
from this work;
• LNF60 has the potential to fulfil requirements of conductivitv by application of a 
layer of ~70-80 pm, which is able to be sintered to the specified porosity at the 
specified temperature.
Although the stencil-printing method of layer processing requires optimisation to 
eliminate defects introduced during manufacture, it is believed that material 
production and laver processing of LNF60 would enhance the cost and 
environmental benefits of the IP-SOFC product, relative to the present PdLSM 
CCC material.
The adverse reactivity of LNF60 with the LSM-based cathode of the IP-SOFC at 
high temperature criticallv compromises the potential to be used as an IP-SOFC 
CCC. Manganese appears to move out of LSM into LNF by substitution of nickel, 
which diffuses into LSM85-90 and also precipitates out of LNF as nickel oxide, 
while it Is found that iron and manganese are mutually exclusive in the reaction 
zone: manganese being situated in the grain boundaries and iron within the 
grain. The compositional changes to the LNF perovskite phase result in formation 
of a barrier to further diffusion of manganese through LNF, and accumulation of 
manganese at the limit of diffusion. The increased concentration of manganese 
most probably forms a perovskite phase with a larger atomic volume than the 
bulk phase, and it is found that a densified layer forms in LNF current collectors 
upon LSM-YSZ cathodes, at the limit of manganese diffusion, after 6  months of 
thermal ageing at 900°C. The 'dense' layer of pm width is found to create a 
high resistance to air diffusing through the LNF current collector to the 
underlying cathode which results in a large degradation of cathode performance 
over time at high temperature.
Efforts to identify an alternative LSM-based cathode composition which is 
compatible with an LNF60 current collector have so far proved unsuccessful. 
Decreasing the A-slte deficiency, and increasing the level of strontium-doping of 
(Lai-x,Srx)yMn0 3  are found to suppress the level and distance of manganese 
diffusion from LSM into LNF, and of nickel from LNF into LSM, but densification 
of the LNF microstructure is found to occur even when relatively low levels of 
manganese diffuse into LNF.
The interaction of LNF and LSM observed in this study, and similar ABO3 
materials reported in literature, indicates that employing the same material in the
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IP-SOFC cathode and CCC layers is favourabie in preventing the occurrence of 
adverse reactions over time. LNF has been found to react with YSZ and CGO. 
and LNF-CGO cathodes showed poor adhesion to YSZ substrates when used in 
conjunction with CGO inter-lavers.
Table 14.1 presents this evaluation, of the potential of LaNio.6 Feo.4O3 as an IP-SOFC 
cathode with respect to the CCC specification outlined in section 5.7, and performance 
of PdLSM. A red, amber and green colour key is used to indicate the potential of PdLSM 
and LNF60 to meet targets of performance in each area.
Table 14.1 Specification for IP-SOFC Cathode Current Collector and 
Evaluation of Present PdLSM Material
hieets targetcnWealdmwbeck requires optimisation
Parameter Specification PdLSM LNF60
Conductance 
at 900°C (S)
Conductivity
(Scm-‘)
Thickness
(pm)
2.5 4.5
5000
2.5
9.5
3^00
'80
GTE between 25-1000<*C 
(10-*IC )^
Qose to that of tube 
and cathode materials (10-11 X 10-® IC‘)
12.4 12.7
Porosity 30-40% 30-40%
Phase Stabliity Stable in air at 
manufacturing 
temperature and at operating
temperatures (850- 
950°C) over lifètime 
of product (5 years)
Unknown-possible 
Issue of palladium 
oxidation at low end 
of operating
temperature range
Manuftcturing Method Compatible
print-line
with Single screen-print Single stencil-print
Sintering temperature (<>C) 1100-1150 1150
Material cost (£ p tube) 2.8
Environmental burden 
material production
of Should not
compromise 
environmental 
benefits of SOFC 
product
Possible Issuesregarding mining of 
lanthanum txit
environmentally 
benign mining
process exists.
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It must be concluded that the reactivity of LNF60 towards SOFC materiai at high 
processing and operating temperatures will most likely prevent use of this materiai as an 
IP-SOFC cathode current collector.
14.2 Recommendations for Further Work
Results of this study have highlighted the critical effect of choosing a cathode current 
coiiection material with favourable conductivity, thermal expansion, stability and 
reactivity properties, which do not degrade over time at high temperature. Empioying 
the same material in the IP-SOFC cathode and CCC layers would reduce the risk of 
adverse reactions occurring over time. The reactivity of LaNio.6 Feo.4O3 , and similar LaB0 3  
materials with B=Fe, Ni and Co, with YSZ and CGO limits the potential to be used as IP- 
SOFC cathode materials, while LaBOs materials with B=Cr and Mn possess low 
conductivities at high temperature, limiting the potential to be used as IP-SOFC CCC 
materials.
Electrochemical modelling studies at Rolls-Royce Fuel Cells Ltd. indicate that an increase 
in power per tube can be gained by increasing the number of cells per tube, at a 
reduced cell pitch. The alteration of geometry results in a reduction in length of the 
conduction path through the current collectors, and a concomitant reduction in CCC 
layer conductance requirement. It is recommended that this modification to the IP-SOFC 
geometrical design be carried out to allow an LSM material to be used as an IP-SOFC 
CCC In conjunction with the present LSM-YSZ cathode.
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Appendix A. Van der Pauw Method of Measuring Sheet Resitivity
Van der Pauw (1958) developed a technique for measuring the resistivity of lamellae of 
arbitrary shape and constant thickness by making 4 contacts at arbitary points along the 
edge of a plate (Figure Al). Van der Pauw's technique is based on the theorem that the 
resistances Ra and Rb are related by the equation Al;
exp
P
= 1 .(eqn Al)
where (/is the thickness of the lamella and p is its resistivity. If a current I 12, is applied 
between points 1  and 2  the resistance Ra is related to the potential difference V3 4, across 
points 3 and 4 by equation A2;
K  = — .................................................................................................................. (eqn A2)
-^12
Analogously, if a current I 3 4/ is applied between points 3 and 4 the resistance Rb is 
related to the potential difference V1 2, across points 1 and 2 by equation A3;
2^3
.(eqn A3)
Figure A l. A fla t lamella w ith four contacts along the edge.
The general solution for p can be written in the form of equation A4:
nd
In i
R .+ R .
-  / ' ’ r . J
.(eqn A4)
where f ( R a /R b )  is a correction factor, which is equal to 1  when Rg = R b . When the 
lamella possesses 2 lines of symmetry (figure A2) that are perpendicular to each other 
and the contacts are placed on these lines, Rg = Rb- Hence equation A4 can be written 
as equation A5:
nd R.
P  j f j 2 ,
.(eqn AS)
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tine of Symmetty
Figure A2. A flat lamella with two 2 lines of symmetry.
For greater accuracy the current is reversed four times and the measurements averaged 
to calculate an average resistance, Raverage- The sheet resistance Rg, of the lamella is:
=^^Kverasc.............................................................................................................. A7)
Sg = - ^ ......................................................................   (eqn A8)
The sheet conductance Ss, is obtained from the reciprocal of the sheet resistance, Rg. 
Reference
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